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AB STRA CT 
Re s earch e r s  have expre s s ed the n e e d  t o  rel at e  
measurabl e  phys i ca l  parame t e r s , s uch as i mpl ement d r a f t  and 
the c one i ndex o f  a s o il , to s o il chem i cal parame t e r s ( ES P  
and EC ) t o  a s s i s t  i n  the de t e rmi nat i on o f  s o il r e c l amat i on 
c o s t s . The i mpo r tance o f  i mpl ement dra f t  i n  t h e  r e c l ama t i on 
o f  a sad i e  s o il wa s exam i ned . F i eld da ta we r e  c o l l e c t ed on 
a s od i um- a f f ec t ed s i l t l oam s o il on Jul y  2 ,  1 9 8 6 and J ul y  
1 7 , 1 9 8 7 . 
A lab o ra t o ry s t udy was c onducted t o  i nv e s t i gate the 
wat e r  r e t e n t i on c harac te r i s t i c s of the s o i l  a t  var i ou s  
l eve l s  o f  exchang eabl e  s o d i u� pe rcentage ( E SP ) . The wat e r  
r e t en t i on curve s ve r i f i ed t h e  t h e o r y  by Rus s o  and Bre sl e r  
( 1 9 8 0 ) that f o r  a g i v en s o i l-wa t e r  suc t i on h e ad (h ) ,  t h e  
s o il wat e r  c o n t e n t  i nc reas e s  a s  t h e  Na+ / Ca+ + r a t i o  (R ) o f  
t h e  s o i l  s ol u t i on i nc re a s e s  ( o r  h = a * (8 /9s )b). 
S i gn i f i cant l in ear rela t i onsh ips (P < 0 . 0 5 )  we r e  f ound 
us i ng the 1 9 8 6 and 1 9 8 7  c omb i ned s ample da t a  t h a t  i ndi cated 
draf t  (D ) dec r e a s ed as 1 )  E S P  dec r eased (D = 0 . 2 0 * (E SP ) + 4 . 9 4 )  
( r2 : 0 . 5 3 ) , a s  2 )  bul k  dens i t y (BD ) dec reased 
(D = l l . 1 7 * (BD ) - 5 . 4 9 )  ( r2 : Q . 3 7 ) , and as 3 )  c on e  i ndex ( C I ) 
dec reased ( D = 0 . 0 0 2 1 * (C I ) + 4 . 7 5 )  ( r 2 = 0 . 2 9 ) ; C I  dec r ea s ed as 
1 )  E S P  dec r e a s ed ( C I = 4 3 . 2 2 * ( E S P ) + 7 8 2 ) ( r 2 = 0 . 2 7 ) , a s  2 )  BD 
decreased ( C I = 2 , 8 7 4 * (BD ) - 1 , 9 8 0 ) ( r 2 = 0 . 2 9 ) , and as 
3 )  mo i s ture c on t e n t  (MC ) i nc r eased (C I = - 5 2 . 2 5 * (MC ) + 2 1 9 3 )  
( r 2 = 0 . 2 7 ) ; and E S P  i nc r eas ed 
i 
a s  B D  i nc re a s ed 
(ESP= 5 2 . 0 6 * (B D ) - 4 7 . 5 9 )  ( r 2 : 0 . 5 9 ) . A mul t i pl e  r e g re s s i o n 
anal ysi s f o r  C I  a s  t h e  dependen t  var i abl e  r e ve al e d  that 7 2 % 
o f  the var i ab il i t y f o r  pred i c t i ng C I  f r om t h e  s ample da ta 
could be expl a i ned by ESP , MC , and deep pl owed ( DP ) . The 
e quat i on C I = 5 2 . 2 8 * (ESP ) - 5 6 . 0 7 * (MC ) - 1 9 3 . 0 * (DP ) + 1 , 6 9 3  
(R2 = 0 . 7 2 )  i nd i cated that C I  dec reas ed a s  1 )  E S P  decreased , 
as 2 )  MC i n c re a s e d , and 3 )  wh en DP . 
I n  S ep t embe r , 1 9 8 4 , the pl o t s  u s ed i n  t h i s  s tudy we re 
amended w i t h g yp s um , fl y ash , and s ul fu r . T h e  appl i ed 
g ypsum re sul t ed i n  approxima t el y  a 4 0% ( 1 9 8 6 ) , 2 0% ( 1 9 8 7 ) , 
and 3 0% ( 1 9 8 6  and 1 9 8 7  c omb i n ed ) dec r e a s e  i n  t h e  draft 
requ i reme n t  for the t i llage ope rat i on . Al s o , the l i near 
e qua t i on D = f (E S P ) for 1 9 8 6  and 1 9 8 7  c omb i n ed i nd i cated a 
0 . 2 0 kN /%E S P  r educ t i on i n  the impl emen t  dra f t  f o r  e ach 
perc ent that the ESP was l owered , w i th i n  an ESP r ang e o f  
1 . 8 7 t o  1 8 . 8 0% . 
F o r  recl ama t i on t o  be feas ib l e , the future b e n e f i t s o f  
1 )  reduc ed wat e r  u s ag e  and t il l age requ i remen t s , 2 )  a l onger 
t i llag e w i ndow , and 3 )  i ncr eased D r op y i el d  n e e d  t o  be 
g reate r than t h e  pre sent c o s t s  o f  1 )  till ag e , 2 )  wat e r  
usage , 3 )  c ro p  y i e l d , and 4 )  t h e  ame ndm e n t  t o  be u s ed . 
Using the r e s ul t s  o f  th i s  expe r i men t , r educed ene rgy per 
area and drawbar powe r r e qu i remen t s  can be e s t i ma t ed based 
on e i the r the reduc tion for a de c r ease in ESP or the percent 
dra ft chang e du e t o· an e f fe c t i ve amendment , s uc h  as , gypsum . 
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INTRODUCTION AND OBJECTIVE S 
A c r i t i c a l  c once rn f o r  reg i ons o f  l i m i t ed ava i l ab l e  
wat e r  i s  t h e  e f f i c i ent manag ement o f  wat e r  f o r  food and 
f i ber pr oduc t i on . A sub s tan t i a l  per c e n tag e o f  the 
i r r i gato r s  in S outh Dak ota rely on surface o r  g r o und wat e r  
o f  marg i n a l  qua l i t y  wh i ch can cause s o i l  phy s i ca l  probl ems 
resul t i ng in r educ ed c r op pr oduc t i on . An e s t i ma t ed 5 t o  7% 
of the h a l f  m i l l i on i r r i gated ac r e s  i n  S ou t h  Dak o ta have 
sal i ne or s od i c  probl ems f r om the use of mar g i na l  qua l i t y 
wa ters ( Be nde r , 1 9 8 6 ) . Further unde r s t and i ng o f  the 
re lat i on s h i ps b etwe e n  the use o f  wa ter h i gh i n  s od i um and 
i t s  e f fe c t s  on s o i l s  w i l l  h e l p  i rr i gators and r e s earchers t o  
be t t e r  u t i l i z e and manage i mpa i red wat e r  r e s ou r ce s . 
Th ree i mp o r tant parame t e r s  used t o  de t e rm i ne the 
qual i ty o f  a n  i rr i gat i on water are: ( 1 )  e l ec t r i c al 
conduc t i v i t y  (EC ) ,  ( 2 ) s odi um ad s o rpt i o n  r a t i o  ( SAR ) , and 
( 3 )  tox i c  e l eme n t s  ( U . S .  S a l i n i ty Labora t o r y  S ta f f  ( US SLS ) , · 
1 9 5 4 ) . H i g h l eve l s  o f  the s e  i r r i gat i on wa t er parame t e r s  may 
l e ad to s a l i ne , s odi c , o r  t ox i c  s o i l  condi t i o n s . Furth e r , 
an i r r i gat i o n - induced s o d i c  s o i l  prob l em i s  the mo s t  
d i f f i cul t o f  the three t o  r e c l a i m  s i nc e  t h e  monova l en t  
s od i um i on mus t  be exchang ed on t h e  s o i l  b y  a d i va l ent i on , 
s uch as , c a l c i um . Th i s  chem i ca l  reac t i on i s  charac te r i z�d 
as ec onom i c a l l y  and t e chn i c a l l y  i rreve r s i b l e , by s om� pe opl e 
( B i s c h o f f  e t  a l . ,  1 9 8 5 ) . 
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Labo rat o ry and f i e l d expe r i ment s have s h own that the 
rec l amat i on o f  i r r i g at i on- i nduced s od i c  s o i l s  i s  phys i ca l l y  
po s s i bl e  w i th the u s e  o f  l i me and g ypsum ( Hi ra and S i ngh , 
1 9 8 0 , K e r en and O ' C o nne r ,  1 9 8 2 , O s t e r  and F r e nk e l ,  1 9 8 0 , and 
Prather et a l . ,  1 9 7 8 ) . B i scho f f  ( 1 9 8 6 ) e x am i ned the 
rec l ama t i on o f  i rr i g at i on- induced s od i c  s o i l s  on a f i e ld 
t r ial bas i s  a t  two s i t e s  i n  S outh Dak o t a . B i s c h o f f ' s  
objec t i v e s  were : ( 1 )  to eva l uate the i mpac t o f  s e l ec t ed 
t i l l age p r ac t i c e s ; ( 2 ) to e va l uate the amount and e f f i c i ency 
of s o i l  amendmen t s  (gypsum , mun i c i pa l  l i me s l udge , s u l fur , 
-
and f l y  a s h ) ; and ( 3 ) t o  eval uate the c o s t s  o f  s e l ec t ed 
t i l l ag e  prac t i c e s  and s o i l amendment s , f o r  r e c l a i m i ng 
i r r i g ated s o i l s  hav i n g  h i g h  l eve l s  o f  exchan g e ab l e  s od i um . 
B i scho f f  ( 1 9 8 6 ) expr e s sed the need t o  r e l a t e  measurab l e  
phys i ca l  parame t e r s , s uc h  a s  . i mp l ement dra f t  and the cone 
i ndex o f  a s o i l , t o  s o i l chem i c a l  parame t e r s  ( E S P  and EC ) to 
a s s i s t in t h e  de t er m i nat i on o f  s o i l  rec l ama t i on c o s t s . 
E s t i ma t e s  o f  the energy requ i rement f o r  t i l l i ng s od i um-
l aden s o i l s  are n e eded to s c rut i n ize the e c o n om i c s  o f  
rec l amat i on . · Pas t  s tud i e s  b y  G r i s s o  and P e r ump r a l. ( 1 9 8 5 ) , 
McKyes and D e s i r  ( 1 9 8 4 ) , U padh yaya ( 1 9 8 4 ) , and W i smer and 
Luth ( 1 9 8 2 ) pr oduc ed r e l a t i on sh i ps wh i ch e s t i ma t e  i mp l ement 
dra ft as a func t i on of s o i l  type , trac t i on , and i mp l ement 
charac t e r i st i c s , but w i thout c ons idera t i on of t h e  s o i l - wat e r  
chemi s t r y . Ope rato r s , w i th s od i um- l aden s o i l s , have 
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obs e rved i nc r e a s e s  i n  the i r  powe r requ i r eme n t s  f o r  f i e l d 
t i l l ag e  and s e edbed preparat i on w i th an E S P  i nc r e a s e  i n  the 
s o i l . 
The e c on o m i c feas i b i l i t y o f  rec l ama t i on mu s t  be based 
on the i de n t i f i c a t i on and we i gh i ng o f  the p re s e n t  c o s t s  and 
the future bene f i t s  f o r  each s odium- a f fe c t ed s o i l . Th e 
pres ent c o s t s  f o r  t i l l ag e , wa t e r , c r op p roduc t i on , and t h e  
s o i l ame ndme n t  f o r  rec l amat i on purpo s e s  s h o u l d  be ba l anced 
w i th the future bene f i t s  re l a t ed t o  reduc ed wa t e r  u s ag e  and 
t i l l ag e  requ i r ement s ,  a l onger t i l l age w i ndow , and i nc r eased 
y i elds . Th i s  s t udy " S i g n i f i cance o f  Exc h an g e ab l e  S o i l  
S od i um o n  I mp l eme n t  Draft'' was c o nduc ted t o  i de n t i f y the 
energy r e qu i reme n t s  f o r  t i l l age o f  an ame nded and n o n­
amended s adie s o i l . 
The r e f o r e , r e s earch was - unde r taken t o  exam i ne the 
f o l l ow i n g  obj e c t i ve s : 
1 .  To deve l op r e l at i onsh i ps amo ng exchangeab l e  sodium 
percentage ( ES P ) , wat e r  content , bu l k  de n s i t y , c o n e  i ndex , 
and i mpl eme nt dra f t  for a s od i um-af fec ted s i l t  l oam s o i l . 
2 .  To exam i n e  the impo r tance o f  i mp l eme n t  draft i n  the 
rec l amat i on o f  a s adie s o i l . 
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LI TERATURE REVIEW 
I rr isat i on Wat e r  Qua l i ty and the S o il 
F i nd i ng s  by t h e · Un i t ed Sta t e s  S a l i n i ty Lab o r a t o ry S ta f f  
( US S LS ) ( 1 9 5 4 ) e s tabl i s hed t h e  i mportance o f  wat e r  qua l i ty 
i n  any appra i s a l  o f  s a l i n i ty o r  s od i c  c o nd i t i on s  f o r  an 
i r r i g ated a r ea . Th e qua l i t y o f  wat e r  i s  o f t e n  the l i mi t i ng 
fac tor f o r  i r r i g a t i on deve l opment . 
Th r e e  i mp o r tant parame t e r s  u s ed to de t e r m i ne the 
qua l i t y of an i r r i ga t i on water are : ( 1 ) the total 
concentrat i on o f  s o l ub l e  s a l t s , the s a l i n i t y haz ard ; 
( 2 )  . the re l a t i v e propo r t i on o f  s od i um t o  o t h e r cat i ons , the 
s o d i um haz a rd ; and ( 3 )  the c oncentra t i on o f  b o r o n  o r  oth e r  
tox i c  e l emen t s , t h e  t ox i c  haz ard (US S L S , 1 9 5 4 ) . The mos t  
c ommon cat i on s  i n  i r r i gat i on wat e r  are c a l c i um , magne s i um; 
sodium , and potas s i um ,  and . the mo s t  c ommo n  a n i ons are 
bi carbonate , s u l f a t e , and c h l o r ide (Ho f fman e t  a l . ,  1 9 8 3 ) . 
Th e g re at e s t  ph ys i c a l  damage t o  the s o i l  r e s u l t s  f rom the 
s o d i um h a z a rd . 
I f  the propo r t i on o f  s od i um cat i ons i s  h i gh , the s od i um 
hazard i s  h i gh ; and , conver s e l y , i f  c a l c i um and magnes i um 
predom i nate , the s od i um haz ard i s  l ow .  An e qu i l i br i um 
be twe en the qual i t y o f  an i r r i g at i on wat e r  and t h e  r e s u l t i ng 
chem i c a l  and phys i ca l  prope r t i e s  o f  the s o i l  has been 
recogn i z e d . S co f i e l d and H e ad l e y  ( 1 9 2 1 ) s umma r i z ed the 
r e lat i o n s h i p  as: "Hard wat e r  mak e s  s o f t l and and s o f t wa ter 
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make s  hard l and . "  S od i c  s o i l s deve l o p  t h r ough the 
accumu l at i on of exchangeab l e  s od i um in the s o i l  ( f r om the 
appl i ed wat e r ) wh i c h  l e ads t o  probl ems of poo r  t i l th and l ow 
pe rmeab i l i t y . 
The s o d i um ads orpt i on rat i o  ( SAR ) i s  u s ed a s  an i ndex 
o f  the s od i um h a z ard of an i r r i gat i on wat e r . 
SAR = v 
Na+ 
( Ca + + + Mg + + ) 
2 
where SAR = s od i um ads o rpt i on rat i o, and Na+  
( 1 ) 
( s od i urn ) , C a+ + 
( calc i um ) , and Mg+ + ( magne s i um )  repre sent t h e  c oncen t rat i on s  
i n  rn e q/1 o f  t h e  r e spec t i ve i ons . I t  i s  po s s i b l e  t o  e s t i ma t e  
t h e  exchan g e ab l e  s odi um perc entag e ( E SP ) o f  a s o i l t h a t  i s  
at equ i l i br i um w ith the i r r i�at i on wat e r  ( US S L S, 1 9 5 4 ) by 
us i ng th e SAR o f  the i rr i g at i o n water . 
ESP � 1 0 0 * ( - . 0 1 2 6 + . 0 1 4 7 5 * SAR ) 
1 + ( - . 0 1 2 6 + . 0 1 4 7 5 * SAR ) 
( 2 )  
Th i s  equ i l i b r i um c ond i t i on o n l y  occas i on a l l y  ex i s t s  i n  the 
f i e ld, s i n c e  the SAR o f  the s o i l s o l ut i on i nc r eas e s, by two 
td three t i me s  the SAR of the app l i ed i rr i g at i on wa ter, when 
wa t e r  is e x t r ac t ed from the s o i l by r oo t s  and evapo rat i on 
( US SLS, 1 9 5 4 ) . I n  S outh Dakota, the ave ra g e  t i me f o r  the 
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ESP i n  the t op 3 0 cm o f  s o i l  t o  reach e qu i l i br i um w i th the 
SAR o f  the s o i l s olut i on is four t o  f i ve yea r s  a f t e r  i n i t i al 
i r r i gat i on on t h e  l and sur face ( B i s cho f f  et a l . ,  1 9 8 6 ) . I n  
genera l , h i gh e r  E S P  l eve l s  can be t o l e r a t e d  i n  c oars e ­
textured than i n  f i ne -tex tured s o i l s be f o re d i s pe r s i on takes 
place ( Ho f fman e t  a l . ,  1 9 8 3 ) . 
S od i c  S o il Recl amat i on 
T o  r e c l a i m  a s od i c  s o i l , the E S P  needs t o  be, r educ ed , 
usua l l y  by app l y i ng wat e r  h i gh i n  s o l ub l e  c al c i um , s uc h  as 
gypsum {CaS04· 2 H2 0 ) , cal c i um carbonate (CaC03 ) ,  o r  cal c i um 
ch l o r i de {CaC l2 ) .  H o f fman e t  a l . ( 1 9 8 3 ) s ta t ed that the E S P  
i s  d i f f i cu l t  t o  reduc e because s od i um i on s  abs o rbed o n  s o i l­
ex change s i t e s  mu s t  f i r s t  be replac ed w i th d i v al e n t  cat i ons 
from the s o i l  s o l u t i on , th r ough a chemi c a l  r e ac t i on ,  and 
then l eached f r om the r o o t  z one . 
M e th ods f o r  r e c l a im i ng s od i c  s o i l s  a r e : ( 1 ) app l y i ng 
gypsum , { 2 ) l each i ng w i th h i g h  s al t  wa t e r , ( 3 ) deep m i x i ng , · 
and (4 ) app l y i ng s u l fur i c  ac i d  t o  calcare ous · s o i l s . Much o f  
the ear l y  work f o r  r e c l a i m i ng s o d i c  s o i l s was o f  a t r i a l  and 
error nat u r e ; h oweve r , dur i n g  the pas t  3 0  yea r s  t h e  advent 
o f  c ompu t e r  mode l i ng has i mproved the ab i l i t y to pred i c t  the 
e f fec t i vene s s  of var i ous r e c l amat i on procedu r e s  ( Br e s l e r  et 
a l . ,  1 9 8 2 ) . Fac t o r s  i nh i b i t i ng rec l amat i on f o r  s o d i c· s o i l s  
i nc l ude ; ( 1 )  i nadequat e  dra i nag e , 
o f  go od- qua l i t y l e ach i ng wat e r , 
{ 2 ) an i nadequa t e  supp l y  
( 3 )  t h e  c o s t  o f  wat e r , ( 4 ) . 
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the c o s t  and avai l abi l i t y o f  c al c i um s ource s  t o  exchange f o r  
t h e  ads o rbed s od i um and ( 5 )  t h e  d i f f i c u l t y  o f  g e t t i ng 
ca l c i um i n t o  t h e  s o i l  
( Bre s l e r  e t  a l . ,  1 9 8 2 ) . 
Labo r a t o r y  s tud i e s  
whe r e  rec l ama t i on c an beg i n  
have been u s ed to t e s t  t h e  
e f f ect iv ene s s  o f  l i me and g ypsum on t h e  r ec l amat i on o f  
i r r i ga t i on - i nduced s od i c  s o i l s  ( H i ra and S i ngh , 1 9 8 0 , Ke ren 
and O ' Conne r , 1 9 8 2 , O s t e r  and F renke l ,  1 9 8 0 , and Prathe r  et 
a l . ,  1 9 7 8 ) . When g ypsum i s  appl i ed t o  t h e  s u r fac e o f  a 
s o d i c  s o i l , r e c l ama t i o n s l ow l y  tak e s  p lace . T h e  r e c l ama t i on 
proc e s s  can be ac c e l e ra t ed by m i x i ng t h e  g yp s um wi th the 
sq i l . By t h i s me thod the Ca+ + i on is  phy s i ca l l y p l ac e d  
wh e re i t  w i l l  reac t wi th the s od i um ( Br e s l e r  e t  a l . ,  1 9 8 2 ) . 
Gypsum can a l s o  be added t o  the i r r i ga t i on wat e r  t o  improve 
the Na• / Ca+ + r a t i o , R ,  o f  the wat e r . Kempe r e t  a l . ( 1 9 7 5 ) 
me asured t h e  d i s s olut i o n rate s for g ypsum i n  wa t e r  f l ow i ng 
through beds o f  g ypsum f ragment s  and f ound t h a t  the rate s 
we r e  h i gh enough t o  d i s t r ibute s i gn i f i c ant quant i t i e s o f  
g ypsum t o  t h e  s o i l  b y  the i r r i gat i on wa t e r . 
S o d i um- a f f e c t ed s o i l s  do not di s pe r s e  un l e s s  the · 
e l e c t r o l yt e  c on c e n t rat i on i s  l ow .  The i n f i l t ra t i on o f  wa t e r  
i nt o  s o d i c  
e l e c t r o l yt e  
s o i l s  can be improved b y  i nc r eas i ng the 
c oncentrat i on o f  
( Br e s l e r  e t  a l . ,  1 9 8 2 ) . Reeve 
the 
and 
s o i l  s o l ut i on 
D o e r i ng ( 1 9 6 6 ) 
demo n s t ra t ed t h a t  s ad i e  s o i l s  c ou ld be rap i d l y  rec l a imed by 
l each i ng i n i t i a l l y  w i th a h i gh sal t wat e r  c onta i n i ng 
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apprec i ab l e  amount s  o f  Ca+ + and Mg + + . 
Rasmu s s e n  e t  a l . ( 1 9 7 2 ) p l owed c a l c a r e o u s  s o i l s  9 0cm 
de ep and foun d  that i n i t i a l l y , s a l i n e - s od i c  s o i l s  we r e  
chemi cal l y  r e c l a i med dur i ng t h e  fo l l ow i ng t h r e e  t o  four 
years . T h e y  f o und that rec l amat i on p r o c e e de d  a t  t h e  same 
rate in the p r e s enc e  o r  abs ence of added g yp s um and that 
de ep p l owing i nc r e a s ed crop yi e lds , wat e r  i n take r ate s , and 
wat e r  and r o o t  pen e t rat i o n . 
The Wat e r  R e s ources I n s t i tute at South Dakq ta S t ate 
Univers i ty has r e s earched the fea s i b i l i t y o f  r e c l a im i ng 
s odi c s o i l s  i n  l abo r a t o ry s�ud i e s  and has s h own a t  two f i e ld 
s i te s  i n  S ou t h  Dako t a  tha t  the probl em i s  phys i c al l y  
reve r s i b l e . B i s ch o f f  e t  a l . ( 1 9 8 6 ) eva luated t h e  e f fec t o f  
de ep t i l l a g e  and s o i l 
the f i e l d . B i s ch o f f  
amendmen t s  o n  
e t  a l . ( 1 9 8 5 ) 
s od i um - l aden s o i l s  i n  
sta t e d  the need t o  
e s tabl i s h c o s t s  assoc i ated w i th i nc reased powe r r e qu i rement s  
from s od i c  s o i l s  b y  de t e rm i n i ng t h e  r e l a t i o n s h i p s  be tween 
so i l  s t re n g th , bu l k  dens i ty ,  mo i s tu r e  c on t e n t , and ESP . · 
Scha e fe r  e t  a l . ( 1 9 8 6 ) reported s imp l e  l i n e a r  r e g re s s i on 
mode l s f o r draft ( D )  ve r s u s  ESP ( r2 : 0 . 6 1 )  and c one i ndex 
( C I )  v e r s u s  ESP ( r2 : 0 . 5 7 )  based o n  one year of f i e l d  da ta 
for a B e o t i a  s i l t l oam s o i l . 
Yah i a  e t  a l . ( 1 9 7 5 ) demons t ra�ed the e f f ec t i vene s s  o f  
surfac e - appl i ed s u l fur i c  ac i d  f o r  rec l a i m i ng s od i c  s o i l s . 
The reac t i on o f  an app l i ed ac i d  w i th c a l c a r e o u s  s o i l s  
prov i de s Ca+ + t o  �xchange w i th Na+ f rom the exc hange c ompl e x 
and i n i t i a t e s  t h e  rec l amat i on proce s s . 
( 1 9 7 8 ) u s ed a l aboratory c o l umn s tudy 
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P r a th e r  e t  al . 
t o  t e s t  the 
e f f ec t i ven e s s  and e f f i c i enc i e s  o f  sul fur i c  a c i d , gypsum , and 
c al c i um ch l o r i de as amendments w i th r e s pe c t to amendment 
quan t i t y and t i me and l each i ng requ i r emen t s . They found 
that the s i ng l e  amendment s u l fu r i c  ac i d  was m o r e  e f fec t i ve 
than g ypsum and r e s ul ted i n  a more de s i rabl e E S P  pro f i l e  
than c a l c i um ch l o r i de . 
Draft 
Draft i s  t h e  h o r i z ontal c omponent o f  pull , para l l e l  t o  
t h e  l i ne o f  mo t i on ( Kepne r e t  a l . ,  1 9 7 5 ) a n d  i s  a func t i on 
o f  s o i l  t e x t u r e , mo i s ture c on t en t , and E S P , and i mpl ement 
f r i c t i on , depth , s pe ed , t o o l  s hape , and a r e a . 
un i t  dr a f t  f o r  a moldboard p l ow var i e s  w i t h  
opera t i ng s p e ed ( F i gu r e  1 ) . 
F i e ld measurement s  f o r  dra f t  h av e  
F o r  examp l e , 
s o i l t ype and 
been u s ed 
succ e s s fu l l y  by r e s earchers t o  eva luate e n e r g y  requi rements 
f o r  t i l l age ope r a t i ons . J ohns on and V o o r h e e s  ( 1 9 7 9 ) , 
Chapl i n  e t  a l . ( 1 9 8 6 ) , and Hammond and Tys o n  ( 1 9 8 5 ) measured 
imp l ement dra f t  in the f i e l d  u s i ng a three - po i n t  h i tc h  dra ft 
dynamome t e r  and r e l ated it t o  ene rgy and powe r r e qu i rement s 
f o r  t i l lage i mp l emen t s . McKye s and De s i r  ( 1 9 8 4 ) c ompared 
measured and pred i c ted quan t i t i e s  o f  dra f t  u t i l i z i ng a mode l 
f o r  s o i l  wedg e f a i l ur e  i n  front o f  n a r r o w  b l ade s , w i t h  
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Figure 1. Plow draft versus travel speed for different soil 
textures (Kepner et al., 1975). 
Kepner et al. (1975) stated that increasing the forward 
speed increases the draft for most tillag e implements. Soil 
acceleration increases draft for at least two reasons; (1} 
acceleration forces increase the norma l loads on soil-
engaging surfaces, thereby increasing the frictional 
resistance; and (2) the k inetic energy impar t e d to the soil 
increases. Since acceleration forces vary as the Square of 
the speed, and since draft also i nc l udes components that· are 
essentially independent of speed, it seemed logical to 
Kepner e t al. ( 19 7 5) 
speed and draft as: 
to represent the relationship bet�een 
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Ds = Do + K S 2  ( 3 ) 
whe re , 
Ds = dra f t  a t  speed S ,  N 
Do = s tat i c  c omponent o f  dra f t , i ndepende n t  o f  speed , N 
S = f o rward s pe ed , m / s  
K = a c o n s tant wh o s e  va l ue i s  r e l ated t o  i mp l emen t 
t ype and de s i gn and t o  s o i l condi t i on s , k g / m  
T e s t r e s u l t s  p r e s e n t ed b y  Kepner e t  a l . ( 1 9 7 5 ) i nd i cate that 
i nc reas i ng t h e  fo rward speed f rom 4 . 8  t o  9 . 7km / h r  i nc re a s ed 
the dra f t  by ( 1 )  9 0% and 4 0% for a d i sk p l ow i n  two 
d i f ferent s o i l  t ype s , ( 2 ) an ave ra g e  o f  5 0% f o r  
c onven t i ona l - s haped mo ldboard pl ows i n  a var i e ty o f  s o i l s , 
and ( 3 ) 1 5 % f o r  a s ubs o i l er . 
U padh yaya e t  a l . ( 1 9 8 4 ) found that t h e  draft o f  a 
s ubso i l e r  w i th i n c l in ed , s t raight s hank s  c hanged a s  t h e  
s quare o f  t h e  t rave l  s p e e d  and w a s  p r o po r t i onal t o  the 
ope rat i on depth . I n  the expe r i men t , they a s s umed that s o i l. 
prope r t i e s  ( s uch a s  fa i l u r e  shear s t re s s , .u n c on f i ned bulk 
modu l u s , t e x t u r e , inte rna l f r i c t i on ang l e  and f r i c t i on 
c o e ff i c i e n t s ) and s o i l phys i c a l  c ondi t i on ( s uch . a s  bu lk 
den s i t y and mo i s tu r e  content ) are r e l a t ed t o  a s oi l ' s  cone 
i ndex , and t h a t  a s i ng l e  compo s i t e  pa rame t e r , the c one 
i ndex , may b e  u s ed to repre s en t  s o i l t yp e  and c o ndi t i on s . 
The we t bu l k  dens i t y , speed , depth o f  ope r a t i on , s h ank 
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width , curvatu r e , shank l e ng th , and the c utt i ng ang l e  were 
othe r  r e l evant paramet e r s . 
Upadhyaya et a l . ( 1 9 8 4 ) repre s ented draft r e qu i rements 
of a s ubs o i l e r beg i nn i ng with the fo l l ow i ng funct i on a l  form : 
D = f 1 ( Pw , C I ,  d ,  S ,  w ,  li , a ,  g )  
wh ere , 
D = draft , F 
Pw = wet bu l k  den s ity , FL-4T2 
C I  = c one i ndex , FL-2 
d = depth o f  ope rat i o n , L 
s = speed o f  ope rat i o n , LT-t 
w = w i dt h  o f  s ub s o i l e r  cutt i ng edg e , L 
li = a l l o t h e r  l ength r e l ated s ubs o i l e r  
( 4 ) 
paramet e r s , 
a = s ubs o i l e r  cut t i ng ang l e  ( l i ft ang l e ) 
g = ac ce l e rat i on due to g ravi t y , LT-2 
L 
Us i ng d i men s i onal ana l ys i s  and the Buck i ngham P i  theo rem , 
Upadh yaya e t  a l . 




( 1 9 8 4 ) s i mpl i f i ed the e quat i on t o  the 
( 5 ) 
E quat i on ( 5 )  was rearranged t o  show that s ub s o i l e r  dra f t  
var i e s  as the s quare o f  g ro und speed , and i s  propo rt i onal to 
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operat i ng depth ( Equat i on 6 ) . 
( 6 ) 
When the s peed i s  z e ro , then the e quat i on i s  e s s e n t i al l y  the 
de f i n i t i on of the c one i ndex . The f o rm o f  e qua t i on ( 6 )  
ag r e e s  fundame n ta l l y  w i th e quat i on ( 3 ) . 
Upadhyaya e t  a l . ( 1 9 8 4 ) and Kepn e r e t  a l . ( 1 9 7 5 ) 
iden t i f i ed t h e  c ommon fac t o r s  that e f f e c t  d r a f t  and c one 
i ndex for a s o i l . I f  f i e l d  me asuremen t s  f o r  dra f t  and c one 
i ndex are c o l l ec t ed on a s o i l  w i th varyi ng l ev e l s  of ESP , 
wh i l e  h o ld i ng impl ement speed and dep t h , and s o i l  and 
c l i mat i c  c o nd i t i on s  c ons tant , then dra f t  and c on e  i ndex may 
have s t rong c o r r e l at i on s  t o  the ESP of the s o i l . 
Cone Index 
The s o i l c o n e.pene t rome t e r  i s  a mea s u r i ng dev ice t o  
provide a s tandard , un i form method for c ha r ac t e r i z i ng t h e  
pene t ra t i on r e s i s tanc e o f  s o i l s  ( A g r i c u l t u r a l  E ng i n e e r s  
S tandards , 1 9 8 3 ) . The force r e qu i r ed t o  p r e s s  t h e  3 0deg 
c i rc u l a r  c o ne t h r ough the s o i l  is an i ndex for so i l  s t rength 
c a l l ed the " c o n e  i ndex" ( C I ) , expre s s ed in f o r c e  pe r ba s e  
area ( kPa ) . 
T h e  fac t o r s  that a f fec t cone i ndex a r e  d i sc u s s ed by 
Perumpral ( 1 9 8 3 ) . H e  s ta t e s  that the pene t ra t i on r e s i s t anc e  
o f  a c o n e  i s  f o und t o  i nc r ease wi th an i nc r eas ed s h a f t  
d i ame t e r , roughn e s s  o f  cone , sma l l e r  a p e x  a ng l e , sma l l e r  
HILTC�J r�o OR!C.:S L:�:�.;r) 
South Dz!<cta S�-.J Ur.:vcrsity 
BrooKing:> 3D 57007-1098 
d i ame t e r  o f  c on e  bas e , and i nc reased 
add i t i on , s o i l  t ype , bu l k  dens i t y  
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pene t ra t i o n  r a t e . I n  
and mo i s tu r e  cont ent 
i n f luence pene t rat i on r e s i s tance . Pe r umpra l  ( 1 9 8 3 ) l i s t s  
s everal expe r i mental s tud i e s  wh i c h  s h ow the c on e  i ndex 
i ncrea s e s  w i th i nc reas i ng bul k  dens i ty and dec re a s e s  wi th 
i ncrea s i ng s o i l  mo i s ture c ontent . 
T rac t o r - mounted , hydrau l i c a l l y - o pe rated , c one 
pene t r ome t e r s  w i th m i c roproce s s o r -bas ed c o n t r o l  un i t s have 
been u s ed i n  pa s t  s tud i e s  by Perumpral ( 1 9 8 3 ) and C r ome r and 
Threadg i l l  ( 1 9 8 5 ) to ma i nt a i n  a c o n s tant s p e ed for 
pene t rat i on , an accurate meas u r e  f o r  depth , and t o  
automa t i c a l l y  r e c o rd da ta . S c hae fer e t  al . ( 1 9 8 6 ) mounted a 
Busch automa t i c  r e c o rd i ng s o i l  pe netrome t e r  t o  a p o r tabl e ,  
hydrau l i ca l l y -dr i ven un i t  t o  ma i n t a i n  a c o n s t a n t  s pe ed o f  
pene t r a t i on i n  t h e  f i e ld . 
U padhyaya ( 1 9 8 4 ) s tated that the c o n e  i ndex i s  a 
c ompos i t e s o i l pa rame t e r  dependent on s o i l  t yp e , dry bu l k  
dens i t y and mo i s tu r e  c o ntent . He al s o  u s ed c on e  i ndex t o  
repre s en t  s o i l t ype and c o nd i t i on rath e r  t h an more 
fundame n t a l  prope r t i e s  s uch as c oh e s i on , adh e s i on , and ang l e  
o f  i nt e rn a l  f r i c t i on i n  s o i l  t i l l age s tudi e s  and draft 
mode l s . Howeve r , Upadh yaya ( 1 9 8 4 ) po i n t s  o u t  t h a t  .a l th ough 
s o i l c one i ndex , bu l k  dens i t y , and mo i s tu r e  c o n tent are 
normal l y  r epo r ted , they are s e l dom u s ed in deve l op i ng a 
r e g r e s s i o n  e qua t i on f o r  t i l l age e qu i pment dra f t . Johnson 
( 1 9 8 7 ) i nd i c a t ed . that the cone pen e t rome t e r  r e qu i r e s  a h i gh 
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samp l e  repet i t i o n  i n  the f i e ld to obta i n  an r e pr e s entat i ve 
va lue f o r  the s o i l  c o nd i t i on . 
Mo i s ture Con t e n t  and Bul k  Den s i t y 
B l ak e  and Hartge ( 1 9 8 6 ) de s c r i be bu lk dens i ty a s  t h e  
rat i o  o f  the mas s  o f  d r y  s o l ids t o  t h e  bul k  v o l ume o f  t h e  
s o i l . The c o re method o f  sampl i ng i s  c ommo n l y  u s ed f o r  
obta i n i ng bu l k  dens i t y and mo i s ture c on t e n t . A c y l i ndr i c a l  
me tal s amp l e r  i s  pre s s ed o r  driven i nt o  t h e  s o i l t o  t h e  
de s i red depth and i s  care ful l y  removed t o  p r e s e rve a known 
v o l ume of s amp l e  a s  it ex i s ted i n - s i tu . 
The nature o f  the s o i l  and i t s phys i c a l  c ond i t i o n  can 
be r e l ated t o  s o i l  s t rength . C l ay s o i l s  h ave h i ghe r 
breakup - e n e r g y  r e qu i remen t s  than sandy s o i l s  o r  l oams . F o r  
a g i v en s o i l , e n e rg y  r e qu i rement s  i nc r e a s e  w i th bu l k  dens i t y 
and are m i n i m i z ed wh en t i l l age i s  done a t  t h e  opt i mum 
mo i s ture c o n t e n t  ( Kepn e r  et a l . ,  1 9 7 5 ) . 
ESP, Draft , and Cone Index 
S outh Dako t a  i r r i gat o r s  w i th s od i um - l ad e n  s o i l s  have 
no t i c ed i n c r e a s ed draft requ i r emen t s  o f  t h e i r  s oi l s  ove r 
t i me wh i l e  E S P  val u e s  i nc r eased ( B i sc ho f f , 1 9 8 8 ) . 
Res earche r s  a t  the Wa t e r  Re s ourc e s  I ns t i t u t e , S DSU , h av e  
obs e rved obv i o u s  phys i c a l  change s  on i r r i ga t i on - i nduc ed , 
sodium- l aden s o i l s . The r e s e arch e r s  and o p e r a t o� s  a g r e e  
t h a t  the E S P  o f  a s o i l m a y  have a d i re c t  r e l a t i onsh i p  t o  
1 6  
dra ft and c one i ndex o f  the s o i l  and i s  an imp o r tant aspect 
for any econom i c  ana l ys i s  for rec l a im ing s od i c  s o i l s . An 
exten s i v e  r e v i ew o f  the l i t e rature d i d  n o t  unc over any 
i nformat i on r e l at i ng the chem i c a l  e f f ec t s  o f  s od i um in the 
s o i l w i t h draft or c one index . 
Wate r  ( S o l ut i on) R e tent i on Curve 
The wa t e r  ( s o l ut i on ) r e t en t i on curve for a s o i l is the 
curve re l at i ng m a t r i c  poten t i a l  ( Yp )  or mat r i c  p r e s s u r e  h ead 
I 
( h )  t o  the v o l um e  f r ac t i on o f  s o i l  s o l u t i on (9 ) .  Becau s e  o f  
h ys ter e s i s  dur i ng t h e  f i l l i ng and empt y i ng o f  s o i l pores , 
-
the r e l at i on s h i ps for vo l ume frac t i on a s  a func t i on o f  
appl i ed p r e s s u r e  (9(h ) )  a r e  n o t  un i qu e . T h e  funct i onal 
re l at i on s h i p  f o r  Q(h ) i s  obtai ned expe r i me n t a l l y  by 
measu r i ng t h e  v o l ume t r i c  wa t e r  c on t en t  as a func t i on o f  
t ens i ome t e r  pre s s u r e , a t  a pre s sure f o r  t h e  s o i l g a s  phas e 
e qual t o  t h e  s tandard ( re fe renc e ) g a s  pres sure 
( Br e s l e r  e t  a l . �  1 9 8 2 ) . Campbe l l  ( 1 9 7 4 ) r e p r e s e n t ed the 
water re tent i on func t i on by: 
h = a * ( 9 ) 
whe re , 
h = ma t r i c  pre s s ur e  h ead , kPa 
e = v o l ume t r i c  mo i s ture c ontent 
9s = s aturated v o l ume t r i c  mo i s ture c on t e n t  
a , b  = c o n s t an t s  
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B re s l e r  e t  a l . ( 1 9 8 2 ) d i scus s ed mode l i ng o f  the s o i l -
wat e r - s a l t r e t en t i on funct i on f o r  a homog eneous and 
i s o t r op i c  s o i l c o nt a i n i ng a c l ay f rac t i on wh i ch i s  mo s t l y  
montmo r i l l o n i t i c . Rus s o  and B re s l e r ( 1 9 8 0 ) c omput ed curves 
and c ompared them w i th measured c u rv e s  f o r  9 {h )  
r e lat i onsh i ps o f  four s a l t  c oncentrat i on va l u e s  ( C )  and 
three cat i on i c  rat i o  va lue s ( R = Na+ / Ca++ ) ( R  � E S P ) o f  t h e  
s o i l  s o l u t i on ( F i gure 2 ) . I n  addi t i on , f o r  a g i ven h ,  0 
i ncreas e s  a s  C dec reas e s  o r  as R i nc re as e s . 
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F i gure 2 .  S o i l -wat e r  suct i on head ( h )  as a func t i on o f  
v o l ume t r i c  wat e r  c on tent (9) f o r  four v a l ue s  o f  
s o lu t i on concentrat i on (C ) and t h r e e  value s  o f  
c a t i o ni c  rat i o  (R ) . Compute d  r e s u l t s  ( s o l i d 
l i ne s ) are c ompared w i th measu red c u rv e s  (dashed 
lin e s ) .  Ar r ows i nd i cate whe re t h e  p o i n t  9=0.10 
h a s  b e e n  sh i f t ed and da ta t ran s l a t ed a l ong the · 
e ax i s .  ( Rus s o  and Bre s le r , 1980) . 
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EXPERIMENTA L PROCEDURE 
Th i s  expe r i me n t  c ons i s t ed o f  a f i e l d  and a l aborat o r y  
s tudy . Th e f i e ld expe r iment prov i ded measured v a l u e s  f o r  
draft and c on e  i ndex i n  c on j unc t i on w i t h  chem i c a l  and 
phys i c a l  s o i l  data . Two years of f i e l d  data we re c o l l ec t ed 
and used t o  exam i ne the e f fe c t  that e x c hangeab l e  s od i um 
percentag e  ( E S P ) had on the energy requ i remen t s  f o r  t i l lage . 
The l abo ra t o r y  s t udy wa s conduc t ed t o  exam i ne t h e  wat e r  
r e t en t i on charac t e r i s t i c s  o f  t h e  f i e l d  s i t e ' s  s o i l a t  
var i o us l ev e l s  o f  E SP . 
F i e ld Expe r i me n t  
S i te D e s c r ipt i on . The f i e l d  s i te was l oc a t ed i n  th e 
N E 1 / 4 , o f  t h e  N W 1 / 4 , o f  S e c . 1 3 , T 1 1 6N ,  and R 6 3W o f  S p i nk 
C ount y  i n  e a s t e rn S outh Dako t a . Th e s o i l was a g l ac i a l , 
l ake bed , l acus t r i ne , s i l t l oam ( Be o t i a  s e r i e s , f i ne s i l t y ,  
m i x ed Pach i c  Udi c  Hap l ob o ro l l s ) w i t h  an i n i t i al ESP o f  
approx i ma t e l y  1 5  t o  2 0% . The s i t e  had n o t  produc ed a c rop 
due t o  po o r  s o i l  t i l th and wat e r  i n f i l t r a t i on f o r  the three 
years pr i o r  to t h i s  s tudy and pro v i de d  h omog eneou s  
c ond i t i ons f o r  s o i l t ype , s o i l texture , p r i o r  t i l lage , and 
weath e r  event s . T i l lage and 
appl i ed in S e pt embe r , 1 9 8 4 , 
( 7 5 f t ) pl o t s  ( B i s c h o f f  e t  a l . ,  
chem i c a l  amendmen t s  we r e  
t o  t h e  1 8 . 3m ( 6 0 f t ) b y  2 2 . 9m 
1 9 8 5 ) . Th i s  provi ded 3 1  
obs e rvat i on s  w i th E SP va l u e s  rang i ng from 1 tri 2 1 % .  A four 
d i g i t  i dent i f i c a t i on number repre s ent i ng t i l l a g e , amendment 
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type , amendment rate , and repe t i t i on was a s s i gned t o  e ach o f  
the 3 1  obs e rvat i on s  ( Tab l e  1 ) . 
Tab l e  1 .  D e s c r i pt i o n o f  the four d i g i t  i dent i f i c at i on 
numbe r s  a s s i gned t o  the f i e ld s i t e obs e rvat i ons . 
I de nt i f i c at i on 
Number T i l l age 
3 13 1  
3 13 2  
3 133 
3 1 1 1  
3 1 1 2 
3 1 13 
3 2 2 1  
3 2 2 2  
3 2 23 
33 1 1  
33 1 2  
33 13 
30 0 1  
30 0 2  
30 03 
20 0 1  
20 0 2  
1 13 1  
1 13 2  
1 1 1 1  
1 1 1 2 
1 23 1  
1 23 2  
1 233 
1 2 1 1  
1 2 1 2  
1 2 13 
13 1 1  
10 0 1  
10 0 2  
10 03 
D e e p  P l ow»P 
D e e p  P l ow 
D e e p  P l ow 
D e e p  P l ow 
D e e p  P l ow 
D e e p  P l ow 
D e e p  P l ow 
Deep P l ow 
D e e p  P l ow 
D e e p  P l ow 
D e e p  Pl ow 
D e e p  P l ow 
Deep Pl ow 
Deep P l ow 
D e e p  P l ow 
Moderat e l y  Deep P l owMDP 
Mode rat e l y  Deep P l ow 
Convent i o nal P l owsMP 
Convent i o nal P l ow 
C onvent i o nal P l ow 
Convent i onal P l ow 
C onvent i o nal P l ow 
Convent i o nal Pl ow 
Convent i onal P l ow· 
Convent i ona l P l ow 
C onvent i onal P l ow 
Convent i on a l  Pl ow 
Convent i onal Pl ow 
Convent i onal P l ow 
Convent i ona l Pl ow 
Convent i o nal P l ow 
Amendme n t  
Gyp s um 
Gypsum 
Gyps um 
Gyp s um 
Gyps um 
Gypsu m  
F l y  A s h  
F l y  A s h  
F l y  A s h  
Su l fu r  
Su l fu r  







Gyp s um 
Gyp s um 
Gypsum 
Fly Ash 
Fly A s h · 
F l y  Ash 
Fly Ash 
Fly A s h  
F l y  A s h  




D e ep P l ow - P l owed w i th mo ldboard to 7 5 c m  
Rate 
( t/ha ) 
1 7 . 0  
1 7 . 0  
1 7 . 0  
1 1 . 2  
1 1 . 2  
1 1 . 2  
1 2 . 3 
1 2 . 3  
1 2 . 3 
1 . 3 
1 . 3 
1 . 3 
1 7 . 0  
1 7 . 0  
1 1 . 2  
1 1 . 2  
1 4 . 8  
1 4 . 8  
1 4 . 8  
9 . 9  
9 . 9  
9 . 9  




Mode rat e l y  D ee p  P l ow - P l owed w i th mo l dboard t o  4 5 cm 
Shal l ow Mo l dboard P l ow - P l owed wi th mo l dboard to 2 0 om 
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The s o i l  pro fi l e  o f  the f i e ld s i te was charact e rized 
pr i or t o  the a pp l i cat i on o f  amendments . R e c o rded paramet e r s  
inc l uded part ic l e  s iz e  anal ysi s, c l ay m i n e ral ogy , bulk 
den s it i e s , g yp s um and l i me content s, and s o i l  pro f i l e s . 
A l s o , the s o i l' s  s aturati on pe rcent a g e , exchangeab l e  
ca t i on s , pH, s a l i n it y  and cat i on exchange c apac it y  ( CEC ) 
we re obt a i n ed ( Tab l e  2 ) . 
Paramet e r s  Measured . Fi e ld measurement s o f  dra f t  ( D ) , 
cone i ndex ( C I ) , bu l k  dens it y ( BD ) , and moi stu r e  content 
( MC )  were obt a i ned f o r  e ac h  obs e rvat i on on J u l y 2 ,  1 986 and 
Tab l e  2 .  S o i l cha racte r i st i c s o f  the fi e l d s i t e . 
Pa ramete r Charact e ri stic 
S o i l  s e r i e s  
S o i l Fam i l y  
C l ay M i ne ra l o g y  
Cat i on Exchange Capac it y 
( me / 1 0 0 g ) ( 0 - 1 5  em ) 
E xchang eab l e  S odium 
Pe rcentage ( 0 - 1 5  em ) 
Sal i n ity ( dS / cm ) 
( 0 - 1 5  em ) 
S aturat i o n  P e rc entage 
( 0 - 1 5  em ) 
Depth t o  CaC03 
D epth to CaS04 
pH ( 0 - 1 5  em ) 
C aC03 content 
( %  as CaC03 e qu i va l ent ) 
( 0 - 1 5  em ) 
Beot i a  s i lt l oam 
F i ne s i lty , m i xe d  
Trace amount qua r tz 
Trace amount k ao l i n it e  
Sma l l  amount m ic a  
Sma l l  amo unt montmori l l o n ite 
2 5 -3 0  
1 3 - 2 1 % 
1 . 2 -3 . 0  
4 4- 5 5 % 
4 5 - 7 0cm 
4 5 - 7 0 cm 
6 . 8 - 7 . 5  
t race 
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July 1 7 , 1 9 8 7 . Duri ng both years , s o i l  s amp l e s  w e re 
co l l ec t ed i n  t h e  f i e l d just pr i o r  to the dra f t  measurement s  
us i ng a G i dd i ng s s o i l probe with a 5 cm d i am et e r  s amp l e  tube . 
I n  the l abo rat o r y , E S P  and E C  values w e r e  de t e rm i ned u sing 
procedu r e s  by B l ak e  and Hartge ( 1 9 8 6 ) . Pr i o r to th e draft 
measurement s , an E u l en s amp l e r  wa s u s ed t o  c o l l e c t  s amp l e s  
f o r  t h e  mo i st u re c o ntent and bu l k  den s ity o f  t h e  s o i l . For 
the draft measurements an ave rage g round s p e ed of 4 . 7 km / h r  
i n  1 9 8 6  and 5 . 3 km / h r  i n  1 9 8 7 , and a n  i mp l ement depth o f  1 5  
to 1 7 cm w e r e  ma i nt a i ned . 
D r a f t  Meas urement s . D�aft measur ement s  a t  the f i e ld 
s ite w e r e  unobt a i nab l e  f o r  1 9 8 5  d u e  t o  abo v e  no rma l 
preci p itat i on {Appendix B ) . I n  1 9 8 5 , the p l o t s  w ith h i gh 
E S P  l eve l s  did n o t  dry t o  a t i l l ab l e  mo i s t u r e  c o n te nt . I n  
1 9 8 6  and 1 9 8 7 , f i e l d c ond it i on s  produc ed a s h o r t  per i od o f  
t ime when both the h i gh and l ow E S P  pl ot s  w e r e  s u i tab l e  f o r  
draft mea s u r ement s . 
Draft meas ureme n t s  w e r e  made i n  the f i e ld b y  u s i ng a 
th ree-po i nt h it c h , draft dynamom e t e r  ( Johnson and Voorhe e s , 
1 9 7 9 ) and a f i e l d c u l tivat o r  hav i ng f i ve s hank s wi th sweeps 
( 2 3 cm wide ) and two depth whee l s  mounted t o  a J ohn D e e re 
4 4 4 0  tract o r  ( F i gu r e  3 ) . The h i gh h o r s epow e r  t o  imp l ement 
dra ft rat i o  provided condit i on s  f o r  a c o n s t ant s pe ed and 
m i n ima l  s l i ppag e . The data acqu i s it i on s ys t e m , housed i n  
t h e  cab o f  the t ract o r , cons i s t ed o f  a H ew l ett Packard 7 1 B 
( HP 7 1 B ) c ont r o l l er , a H ew l ett Packard 3 4 2 1 A d i g i tal 
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mu l t ime te r  me t e r / sc anner , a po rtab l e  tape d r i ve , a 5 - vo l t  
powe r s upp l y , a 1 2 - vo l t  power i nve rto r , and an audib l e  
mi c rocas s e t t e  tape rec o rde r ( F i gure s 4 and 5 ) . 
Data were c o l l ec t ed wh i l e pu l l i ng th e i mp l ement ove r a 
t i e r o f  p l o t s  and record i ng the draft, s pe e d, and t ime . The 
data ac qu i s it i o n  prog ram u s ed by the HP 7 1 B  c on t r o l l e r  
c o l l e c t ed t h e  i n fo rma t i on needed for the dra f t  mea su remen t s  
( Append i x  C ) . The ope ra t o r  ma i n tai ned the s am e  g e a r  and r pm 
s et t i ng be f o r e  each run . A mi c rocas s e t t e  r e c o rde r was us ed 
t o  aud i b l y  r e c o r d  the da ta s c an s  from t h e  H e wl e t t  Pac k a r d  
3 4 2 1 A un i t  and t h e  vo i c e  o (  the t r act o r  oper a t o r  a s  the 
F i gur e 3 .  D a t a  ac qu i s i t i o n s y s t em and f i e l d i mp l em�nt f o r  
d r a f t  m e a s u r em e n t ,  mounted t o a J oh n  D e e r e  4 4 4 0 
t r ac to r . 
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F i g u r e  5 .  Th e d a t a  a c qu i s i t i o n s ys t em h ou s ed i n  t h e  c a b  o f  
the Jo hn D e e r e 4 4 40 t ra c t o r . 
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t i l l ag e  i mp l ement pas s ed f l ag s  that marked t h e  p l o t s . The 
known p l o t  d i s tan c e s  and c omputer t i me r  r e ad i ng s  wer e  u s ed 
to c ompute an ave rage g ro und speed for each p l o t . I n  1 9 86 , 
the i n s tantan e ous ground speed was checked b y  a f i fth whee l  
moun ted beh i nd the front t i re o f  the t rac t o r . The f i fth 
whe e l  was n o t  u s ed for the s e c ond year of data c o l l e c t i on 
s i nce the c o n t r o l l er ' s  t i mer c omb i ned w i th the aud i b l e  
m i crocas s e t t e  r e c o rder w e r e  f ound to b e  a m o r e  r e l i ab l e  and 
as accurat e as the f i fth whe e l  system . 
A c o l l e c t i on o f  2 4  to 9 0  i ns tantan e o u s  r e adi ngs f o r  
draf t , depend i ng o n  the p � o t  width , we r e  ave raged f o r  each 
p l o t  w i t h i n  each year on a c omputer spreadshe e t . The 1 9 86 
draft was obs e rved i n  the f i e l d  by WR I r e s earchers t o  be 
g r eater than t h e  1 9 8 7  dra ft ( B i scho f f , 1 9 8 8 ) . Howeve r , 
probl ems w i th the power s upp l y  fo r the dra f t  dynamome te r 
r e su l ted i n  a c o ns i s t ent o f f s e t  be tween t h e  two ye a r s  o f  
draft data . The read i n g s  f o r  the 1 9 8 7  dra f t  data were ove r 
two t ime s g r e a t e r  than the 1 9 86 read i ng s , but , had a s i m i lar 
trend re l a t i ve t o  the amendment t reatme n t s . ·  The 1 9 8 7  draft 
data were adj u s t ed by s ubtrac t i ng the d i f fe re n c e be tween the 
1 9 8 6 and 1 9 8 7  dra f t  means , s i nc e  the o f f s e t  was c o n s i s ten t . 
There f o r e , the data s e t  for the r e g re s s i on anal ys i s  
c o ns i s ted o f  the o r i g i n a l  1 9 8 6  dra�t dat a  a n d  t h e  adj u s ted 
1 9 8 7  draft data . 
The data acqu i s i t i on s y s t em c o l l ec t ed dat a  at a rate o f  
e i ght read i n g s  pe r s e c ond w i th the mu l t i me t e r  i n  - the 
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s e l ec ted four and one -hal f d i g i t  r e s o l ut i on mode 
( 1 mV accuracy ) .  The mul t i me t e r  c o l l e c t ed a s c an o f  e i ght 
readings in one -hal f s e cond and then tran s f e r red t h e  data t o  
the c o n t r o l l e r  f o r  the nex t one -hal f sec ond . T h e  t i m i ng for 
the da t a  ac qu i s i t i on s ys t em was s e l e c t ed t o  p r o v i de a 
cons tant and e ff i c i ent me thod f o r  read i ng and t rans f e r r i ng 
draf t  da ta s i nc e  the mu l t ime t e r  c ou l d  n o t  c o l l e c t  data 
cont inuous l y  f o r  the total t i me ne eded t o  travel the l ength 
o f  eac h  t i e r . The 1 9 8 6  data cons i s t ed o f  t h r e e  r e ad i ng s  for 
draft , one f o r  i ns tantaneous speed , t h r e e  f o r  dra f t , and 
then one f o r  i n s t an taneous _ s pe ed , wh e r eas , t h e  1 9 8 7  data 
cons i s t ed of e i gh t  read i ng s  for dra f t  for each s can . 
The dat a were tran s f e r red from the m i c ro c a s s e t te tape s 
to a pe r s onal c ompu t e r  by a Hewl e t t  Pac k a rd HPI L /RS 2 3 2  
i nte rfac e .  The da t a  was then d i v i ded i nt o  p l o t s  w i th i n  e ach 
t i er by compar i ng ·the p r i n t ed data s cans of the mul t imeter 
to the vo i c e  s i gna l s  of the trac t o r  ope rat o r  r e c o rded on a 
vo i c e  m i c rocas s e t t e  tape p l ayer . Data c o l l e c t ed near p l o t  
d i v i s i on l i ne s  w e r e  not u s ed i n  t h e  f i na l  anal ys i s  t o  
e l iminate any po s s i b l e  bo rde r e f f ec t s . 
Cone I nd e x  Measuremen t s . A Bush Rec o rd i ng S o i l 
Pene t rome t e r  was u s ed t o  obtai n  c one i ndex value s . Th e 
pene trome t e r  was c o nnec ted t o  a h ydrau l i c  cyl i nd e r  dr i ven by 
a po rtab l e  powe r un i t  to provide a cons tant s o i l  pene t rat i on 
rate i n  ac c o rdan c e  w i th ASAE 8 3 1 3 . 1  ( F i gure 6 ) . 
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Research e r s  have i nd i cated that many o b s e rvat i on s  are 
des i r ed f o r  obtai n i ng accurate read i n g s  f r om a cone 
penet rome t e r , s i n c e  it ac t s  l i ke a random numb e r  generator 
( Johns on , 1 9 8 7 ) . The C I  da ta had t o  be c o l l ec t ed i n  the 
f i e ld over a s ho r t  t i me i nt e rval , preferab l y  in one day , 
j u s t  pr i o r  t o  t h e  draft measuremen t s . I t  was f i gured that 
one man wo rk i ng for one day cou ld obta i n  about 1 2  
penetrat i o ns c on ta i n i ng 1 5  depth s for each o f  the 3 1  p l o t s . 
The f i r s t  f i ve r e ad i n g s  f o r  each pene t rat i on ,  a depth o f  0 
to 1 7 . 5 cm , prov i ded an average c one i ndex that was u s ed for 
the regr e s s i on ana l ys i s . 
The cone pene t rome t e r  ove r l oaded f r e qu en t l y  i n  the 
f i e l d caus i n g  the cone penet rat i on to end be f o r e  a c omp l e t e  
s t roke was f i n i sh ed . Each cyc l e  began at t h e  s o i l s u r fac e . 
A max i mum va l u e  o f  6 2  was a s s i gned t o  the depth at wh i c h  the 
ove r l o ad occur r ed and no value was g i ven t o  the depths b e l ow 
the ove r l oad . 
Mo i s t u r e  Content and Dry Bulk Den s i t y Meas ur ement s . · 
S o i l  s ampl e s  w e r e  c o l l ec ted u s i ng an Eu l en s amp l e r  t o  obt a i n  
t h e  mo i s ture c ontent and d r y  bu l k  den s i t y o f  t h e  s o i l 
( F i gure 7 ) . Und i s turbed s o i l  c o r e s , 3 cm h i gh by 5 . 4 cm i n  
d i amet e r , we r e  obtai ned f o r  three depths o f  1 - 5 cm , 5 - 9 cm ,  
and 1 0 - 1 4 cm w i th two repl i cat i ons w i th i n a p l o t , f o r  a to t a l  
o f  two samp l e s  pe r depth pe r p l o t . The ave rage mo i s tu�e 
conten t and bu l k  dens i t y  for a l l depth s  ( a  t o t a l  o f  s i x 
va l ue s  per p l o t ) was u s ed i n  the dat� arta l ys i s . 
F i gu r e· 6 .  
F i g u r e  7 .  
Po r tabl e ,  .powe r e d  pen e t r ome t e r  f o r  f i e l d 
measureme n t s  o f  c one i ndex . 
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An e xamp l e o f  an E u l en s amp l e r  be i ng u s e d  t o  
c o l l e c t mo i s t u r e  c on t e n t  and b u l k  d e n s i t y  i n  t h e  
f i e ld .  
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Lab Me t h ods and Mat e r ial s fo r the Wat e r  R e t en t i on Curv e s  
So i l  s amp l e s  we r e  c o l l e c t ed u s i ng a hand s pade from the 
top 1 0cm o f  each of the 3 1  plots i mmedi a t e l y  a f t e r  the dra f t  
measureme n t s  were t aken i n  1 9 8 6 . T h e  samp l e s  were d r i ed , 
g round , and pas s ed through a 2 mm s i eve . S i x s o i l s amp l e s  
were s e l ec ted f o r  the wa t e r  retent i on s tudy to r epre sent 
rang e o f  E S P  va l u e s  that occurred i n  the f i e l d  ( Tabl e D . 1 ) . 
They prov i ded an E S P  rang e o f  4 . 7  t o  1 7 . 9% .  
E i gh t een s o i l  c o r e s , three repl i c at i on s  f o r  each o f  the 
s i x ESP l eve l s , we re packed to a cons i s t e n t  bu l k  dens i t y o f  
1 . 3 g / cm3 by add i ng a sma l l  y o l ume o f  s o i l i n t o  a PVC p i pe 
and dropp i ng a c yl i ndr i c a l  p i e ce of metal a s e l e c t ed numbe r 
o f  t ime s and f rom a s e t  h e i gh t . Each PVC c o r e  h o l de r  had a 
known l eng th o f  7 . 6 2 cm ,  d i amet e r  o f  3 . 6 7 c m , and a vo l ume o f  
6 7 . 7 7 cm3 . Thus , each s o i l  c o re had a t a r g e t  we i gh t  t o  
obta i n  the c on s i s t ent bu l k  den s i ty .  The c o r e s  were a l l owed 
to saturat e , we r e  p l aced on a pre s s ure p l a t e , and were 
pre s sur i z ed f rom - 0 . 7 kPa t o  - 8 0 0 kPa in i nc r emen t s  of 
doubl i ng p r e s s u r e . Mo i s ture contents we r e  obtai ned t o  
generat e  the wa t e r  retent i on . ( dr y i ng ) curves at each 
pre s sure v a l u e  a f t e r  the wat e r  qu i t  dr i pp i ng out from the 
pre s sure p l a t e  ( Append i x  D ) . 
Data Ana lys i s  of F i e l d  Data 
F i e l d dat a  we re co l l ec ted i n  1 9 8 6  and 1 9 8 7  to 
i nve s t i g at e  t h e  r e l a t i onsh i ps b e tween ESP , MC , B D , C I , and 
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D .  Raw f i e ld data we re c o nden s ed t o  s ampl e  dat a  f o r  the 
s ta t i s t i ca l  ana l y s e s  that were u s ed t o  de t e rm i ne s i g n i f i cant 
re l a t i onsh i p s . 
S ampl e Data . The dat a  u s ed f o r  the anal y s es c on t a i ned 
the p l o t  average s  f o r  the f i e ld data c o l l e c t ed in 1 9 8 6  and 
1 9 8 7  f o r  each o f  th e quan t i tat i ve var i ab l e s ; D ,  S ,  E S P , E C , 
BD , MC , and C I , plus three qua l i ta t i ve var i ab l e s  
( Tab l e s  3 and 4 ) . Qua l i tat i ve var i ab l e s  w e r e  a s s i gned to 
the obs e rva t i on s  wh i ch had rec e i ved g yps um ( GYP ) o r  deep 
plowing ( DP )  as an amendment . Al s o , a qua l i ta t i ve var i ab l e  
wa s used t o  i nd i c a te the y e a r  ( YR )  f o r  t h e  1 9 8 6 and 1 9 8 7  
comb i ned data s e t . The s ame f i e ld methods w e r e  u s ed for 
bo th 1 9 8 6  and 1 9 8 7 wh i ch a l l owed ana l ys e s  of a c omb i ned two 
year da ta s e t . 
S i mple L i near Regres s i on Analys i s . R e g re s s i on mode l s  
we re u s ed t o  re l ate the dependent var i ab l e  y t o  the 
i ndependen t  var i ab l e s  x 1 , x2 , • • •  , X k • They expr e s s  the 
mean va l u e  for y ,  a s  a l i near func t i o n for a set of knowri 
parame t e r s . The s e  parame t e r s  we re e s t i ma t ed · f ro m  the s amp l e  
data ( Tab l e s  3 and 4 )  us i ng t h e  me thod o f  l ea s t  s quares 
wh i ch e s t i ma t e s  Bo and B 1  for use i n  the l ea s t s quar e s  l i ne , 
Y = Bo + B 1 * x  ( Mendenhal l and S i nc i ch , _ 1 9 8 4 ) . 
Th e c o r r e l at i on c o e f f i c i ent , r ,
· 
prov i de s  a quant i tat i v e  
measure f o r  the s t r eng th o f  the l i near r e l a t i on s h i ps between 
x and y ,  just a s  does the l east s quare s s l ope , B 1  
( Me�denha l l  and S i nc i c h , 1 9 8 4 ) . T h e  c o r r e l at i on c o e f f i c i en t  
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Tabl e 3 .  Averaged val ues of var i ous s o i l  m e a s ureme n t s  f r o m  
t h e  1 9 8 6  f i e l d  obs e rvat i ons . 
Treatment GYP 
I D  # D s ESP EC BD MC C I  DP 
� KN )  � kmLh ) { % } { dSLm )  {gmLcm3 ) { % }  { kPa } YR 
3 1 3 1  5 . 00 4 . 6 8 4 . 5 2 1 . 8 1 . 0 5 1 3 . 7 2 8 7 5  1 1 1 
3 1 3 2  4 . 7 9 4 . 6 8 4 . 6 9 1 . 6  1 . 0 4 1 2 . 4 9 8 3 1  1 1 1 
3 1 3 3  5 . 2 1 4 . 6 8 5 . 0 3 1 . 0  1 . 1 1 1 3 . 3 7 1 0 1 4  1 1 1 
3 1 1 1  5 . 2 6 4 . 6 4 5 . 7 4 1 . 9 1 . 0 3 1 2 . 9 2 9 7 7  1 1 1 
3 1 1 2  5 . 4 9 4 . 6 8 6 . 0 2 1 . 3  1 . 1 1 1 5 . 2 2 1 1 8 3  1 1 1 
3 1 1 3  5 . 5 6 4 . 6 8 5 . 1 6 0 . 8  0 . 9 9 1 2 . 9 8 1 0 8 7  1 1 1 
3 2 2 1  6 . 9 1 4 . 6 4 1 4 . 6 4 1 . 2  1 . 1 8 1 5 . 3 4 1 3 8 1  0 ' 1 1 
3 2 2 2  6 . 9 1  4 . 6 4 1 6 . 5 1 0 . 9  1 . 2 0 1 6 . 0 6 1 7 0 8  0 1 1 
3 2 2 3  7 . 5 1 4 . 6 8 1 4 . 6 3 1 . 4  1 . 1 5 1 4 . 0 9 1 3 4 1  0 1 1 
3 3 1 1  8 . 5 2 4 . 6 1 1 8 . 5 8 1 . 4  1 . 2 3 1 3 . 8 7 1 5 � 7  0 1 1 
3 3 1 2  7 . 3 7 4 . 6 8 1 5 . 1 3  1 . 5  1 . 2 2 1 7 . 0 4 1 3 5 0  0 1 1 
3 3 1 3 8 . 5 0 4 . 6 8 1 6 . 0 0 1 . 9 1 . 2 2 1 3 . 2 9 1 6 4 1  0 1 1 
3 0 0 1 8 . 4 6 4 . 6 4 1 8 . 2 8 0 . 9  1 . 1 4 1 2 . 1 5  1 7 5 3  0 1 1 
3 0 0 2  8 . 1 3 4 . 6 8 1 7 . 8 5 1 . 6 1 . 2 7 1 5 . 0 0 1 5 3 3  0 1 1 
3 0 0 3  8 . 5 9 4 . 6 8 1 6 . 6 8 1 . 2  1 . 3 0 1 4 . 4 3 1 6 8 5  0 1 . 1 
2 0 0 1 . 1 0 . 9 2 4 . 2 8 1 8 . 3 3 1 . 3  1 . 2 0 1 4 . 3 0 1 3 8 5  0 0 1 
2 0 0 2  1 0 . 9 0 4 . 2 8 1 7 . 3 5 0 . 9  1 . 2 0 1 4 . 3 0 1 9 5 5  0 0 1 
1 1 3 1  4 . 5 7 4 . 6 4 2 . 9 6 1 . 2  1 . 0 7 1 5 . 2 2 1 0 9 2  1 0 1 
1 1 3 2  6 . 8 1 4 . 4 6 1 . 8 7 1 . 4  1 . 0 1  1 0 . 2 7 9 8 2  1 0 1 
1 1 1 1  5 . 2 6 4 . 4 6 7 . 0 4 1 . 2  1 . 0 6 1 3 . 2 2 1 5 6 1  1 0 1 
1 1 1 2  5 . 7 0 4 . 6 4 6 . 5 7 0 . 9  1 . 1 6 1 1 . 6 1 1 4 4 8  1 0 1 
1 2 3 1  6 . 5 2 4 . 6 4 1 5 . 1 0  1 .  1 1 . 2 3 1 5 . 3 5 1 2 2 4  0 0 1 
1 2 3 2  7 . 4 7 4 . 2 8 1 8 . 3 1 0 . 7  1 . 0 9 1 4 . 5 8 2 0 5 5  0 0 1 
1 2 3 3  8 . 5 8 4 . 46 1 0 . 7 4 1 . 5  1 . 1 2 1 5 . 6 4 1 1 8 7  0 0 1 
1 2 1 1 7 . 5 3 4 . 6 4 1 8 . 1 9 1 . 2  1 .  2 4  . 1 4 . 6 8 1 5 1 5  0 0 1 
1 2 1 2  9 . 5 4 4 . 4 6 1 7 . 5 3 1 . 2  1 . 2 3 1 1 . 1 6 1 6 3 0 0 0 1 
1 2 1 3  9 . 2 7 4 . 4 6 1 2 . 7 6 1 . 8 1 0 1 1  1 6 . 4 3 1 7 5 7  0 0 1 
1 3 1 1  8 . 8 5 4 . 6 4 1 6 . 0 4 2 . 0  1 . 2 4 1 3 . 1 5  1 9 8 1  0 0 1· 
. 1 0 0 1  9 . 7 2 4 . 6 4 1 6 . 5 2 1 . 2  1 . 2 2 1 5 . 6 1 1 9 1 9 0 0 1 
1 0 0 2  8 . 9 8 4 . 6 4 1 5 . 8 8 1 . 3  1 . 2 6 1 4 . 5 7 1 9 7 4  0 0 1 
1 0 0 3  1 0 . 8 1 4 . 3 6 1 5 . 3 6 . 1 .  6 1 . 2 5 1 2 . 2 0 2 1 6 8  0 0 1 
D = dra f t , k N  
s = ave rag e g r ound s pe ed , km/h 
ESP = exchangeab l e  s od i um perc entag e , % 
EC = e l ec t r i ca l  c o nduc t i v i t y o f  the wat e r  s atura t i on 
s o i l  extrac t , de c i S i emen s /meter 
BD = ave rage bu l k  dens i ty o f  s i x Eu l en s o i l  c o re s , 1 - 1 4 cm 
MC = average mo i s ture c on t ent o f  s i x E u l en s o i l c o r e s , 
dry we i ght bas i s , 1 - 1 4 cm 
C I  = c o ne i ndex , 1 2 . 8 mm d i ame ter c on e  
GYP = qua l i ta t i ve var i abl e for g ypsum 
DP = qua l i ta t i ve var i ab l e  for de ep p l ow 
YR = qua l i tat i ve var i ab l e  f o r  year 
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Tab l e  4 .  Ave rag ed va l u e s  o f  var i ous s o i l  measureme n t s  from 
the 1 9 8 7  f i e l d  observat i ons . 
Tre atmen t  GYP 
I l I D  # D s E S P  EC BD MC C I  DP 
{ KN }  { kmLh } { % }  { dSLm }  {SmLcm3 } ( % }  { k Pa } YR 
3 1 3 1  6 . 0 6 5 . 3 3 4 . 5 5 0 . 6  1 . 1 7 1 8 . 3 4 * 1 1 2 
3 1 3 2 6 . 6 5 5 . 3 3 8 . 1 8 0 . 7  1 . 1 4 2 3 . 4 2 * 1 1 2 
3 1 3 3  7 . 1 0 5 . 3 3 1 2 . 9 2 0 . 9  1 . 1 2 2 3 . 0 5 * 1 1 2 
3 1 1 1  6 . 4 6 5 . 3 3 1 2 . 9 0 0 . 8  1 . 0 6 2 3 . 7 7  7 6 8  1 1 2 
3 1 1 2  8 . 3 5 5 . 3 3 1 8 . 4 7 0 . 7  1 . 1 7 2 4 . 0 4 * 1 1 2 
3 1 1 3  7 . 0 8 5 . 3 3 8 . 0 9 0 . 7  1 . 0 2 2 2 . 9 0 6 2 7  1 1 2 
3 2 2 1  9 . 2 6 5 . 3 3 1 7 . 6 9 0 . 7  1 . 2 0 2 6 . 1 0 7 1 6 0 1 2 
3 2 2 2  7 . 4 5 5 . 3 3 1 5 . 4 5 0 . 8  1 . 1 2 2 6 . 4 0 7 3 9  0 1 2 
3 2 2 3  7 . 7 9 5 . 3 3 1 1 . 8 8 1 . 0 1 . 1 7 2 3 . 5 7 6 5 0 0 1 2 
3 3 1 1  6 . 9 0 5 . 3 3 1 4 . 3 6 1 . 9 1 . 2 3 1 9 . 9 1 1 1 1 6 0 1 2 
3 3 1 2  8 . 0 4 5 . 3 3 1 6 . 3 5 1 . 6  1 . 2 2  2 1 . 9 6 * 0 1 2 
3 3 1 3  7 . 4 9 5 . 3 3 1 7 . 2 3 1 . 7  1 . 1 2 2 0 . 7 8  1 1 3 9  0 1 2 
3 0 0 1 9 . 6 4 5 . 3 3 1 8 . 8 1 1 . 0 1 . 1 8 1 9 . 7 6 1 1 5 1  0 1 2 
3 0 0 2  8 . 3 7 5 . 3 3 1 4 . 9 5 1 .  1 1 . 2 1 2 0 . 5 6  1 6 3 7  0 1 2 
3 0 0 3  8 . 1 3 5 . 3 3 1 4 . 7 0 1 . 2 1 . 1 4 2 3 . 4 5 1 4 2 3  0 1 2 
2 0 0 1 7 . 3 4 5 . 3 3 1 8 . 7 6 1 . 0 1 . 2 4 1 8 . 5 9 * 0 0 2 
2 0 0 2  1 0 . 4 2 5 . 3 3 1 7 . 1 0 1 . 1  * * * 0 0 2 
1 1 3 1  7 . 7 2 5 . 4 0 4 . 2 2 0 . 8  1 . 1 0 2 5 . 1 8  * 1 0 2 
1 1 3 2  5 . 6 4 5 . 3 6 2 . 1 1 0 . 8  1 . 0 3  2 0 . 5 0  * 1 0 2 
1 1 1 1  5 . 5 0 5 . 3 6 3 . 6 4 0 . 9  1 . 0 0 2 2 . 4 7 * 1 0 2 
1 1 1 2  6 . 7 3 5 . 3 3 7 . 7 0 0 . 9  1 . 1 6 2 2 . 6 4 6 2 3  1 0 2 
1 2 3 1  7 . 9 1 5 . 4 0 1 4 . 0 6 0 . 8  1 . 2 1  - 2 2 . 7 5 * 0 0 2 
1 2 3 2  7 . 3 8 5 . 3 6 1 1 . 7 1 1 .  1 1 . 1 9 2 3 . 4 5 · * 0 0 2 
1 2 3 3  6 . 6 3 5 . 3 6 1 1 . 2 6 1 . 0 1 . 1 2 2 3 . 1 6  * 0 0 2 
1 2 1 1  7 . 3 1 5 . 3 3 2 0 . 9 4 1 . 0 1 . 2 5 2 2 . 5 8 * 0 0 2 
1 2 1 2  7 . 4 6 5 . 3 6 1 8 . 2 2 1 . 4 1 . 2 1 2 1 . 3 2 * 0 0 2 
1 2 1 3  6 . 7 8 5 . 3 6 8 . 6 8 1 .  1 1 .. 1 1  2 4 . 1 1 * 0 0 2 
1 3 1 1 7 . 4 8 5 . 3 3 2 0 . 6 0 1 . 7 * * * 0 0 2 • 
1 0 0 1  7 . 9 9 5 . 4 0 * * 1 . 3 2 1 9 . 1 1 * 0 0 2 
1 00 2  8 . 3 4 5 . 4 0 1 7 . 4 2 1 . 3 1 . 3 0 2 1 .- 0 1  * 0 0 2 
1 0 0 3  8 . 1 9 5 . 3 6 1 7 . 8 2 1 . 2 1 . 2 7 . 2 2 . 1 6  * 0 0 2 
* m i s s i ng data 
D = dra f t , kN 
s = ave rage g round speed , km/h 
ESP = exchang eab l e s od i um percentag e , % 
EC = e l ec t r i ca l  c onduc t i v i t y o f  the wat e r  satura t i on 
s o i l  extrac t , dec i S i emens /me t e r  
BD = ave rage bul k  dens i t y o f  s i x E u l e n  s o i l c o r e s , 1 - 1 4 cm 
MC = ave rage mo i s tu r e  c ontent o f  s i x Eu l en s o i l  c o r e·s ,  
dry we i gh t  bas i s , 1 - 1 4 cm 
C I  = cone i ndex , 1 2 . 8mm d i ame t e r  c one 
GYP = qua l i tat i ve var i ab l e  for gypsum 
DP = qua l i t at i ve var i ab l e  f o r  d e e p  pl ow 
YR = qua l i tat i ve var i ab l e  f o r  year 
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i s  sc a l e l e s s  and i t s va l ue i s  a l ways betwe e n  - 1  and + 1 . A 
value o f  r n e a r  z e r o  i mp l i e s  l i t t l e  l i ne a r  r e l at i onsh i p  
between y and x ,  wh e r eas , the c l o s e r  r i s  t o  1 o r  - 1 ,  the 
s t rong e r  t h e  l i n ear re l at i on s h i p  between x and y .  Howeve r , 
h i gh c o r r e l a t i on doe s  not i mp l y  cau s a l i t y .  T h e  onl y s a f e  
c onc l us i on wh e n  a h i gh c o r r e l at i on i s  obs e rv e d  i n  t h e  s amp l e  
data i s  that a l i near trend may ex i s t between x and y .  
The de t e rm i nat i on c oe f f i c i en t , r 2 , i s  a m e a s u r e  f o r  how 
much the e r r o r s  for predi c t i on of y c an b e  r educ ed by us i ng 
the i n f o rma t i on prov i ded by 
1 9 8 4 ) . Th i s  quan t i t y is  tbe 
x ( Mendenha l l 
s quare o f  r .  
and S i nc i ch , 
Thus , r 2 : 0 . 6 0 
means that t h e  s um o f  s qua r e s  o f  dev i at i on s  o f  the y val u e s  
about the i r  p r ed i c t ed v a l u e s  h a s  b e e n  reduc e d  6 0% b y  t h e  u s e  
o f  t h e  pred i c t ed va lue f o r  y ,  i n s tead o f  u s i ng the mean 
value of y .  
Graph s we r e  c o n s t ruc ted t o  i l l u s t ra t e  t h e  r e l a t i on s h i p s  
between t h e  measured parame t e r s  u s i ng D ,  C I , E S P , and M C  a s  
dependent var i ab l e s . T h e  l i near equat i on s  w e r e  t e s ted for 
s i g n i f i cance u s i n g  an F - t e s t  at the P < 0 . 0 5 l e ve l . The 
s l ope , i nt e r c ept , and r2  va1ue s are sh own o n  e ac h  g raph that 
contains a s i g n i f i c ant l i near equat i on ( Ap pe nd i x  E ) . 
Mul t ipl e Regre s s i on . S i x  bas i c  mode l s  w e r e  s e t  up t o  
re l a t e  t h e  dependent var i ab l e s , D ,  C I , a n d  E S P  t o  t h e  
i ndepende nt quan t i tat i ve va r i ab l e s , S ,  E S P , E C , B D , and MC , 
and the qua l i tat i ve var i ab l e s , GYP , DP , and YR ( Tabl e  5 ) . 
The s ampl e ,  mu l t i p l e , de t e rm i nat i on c oe f f i c i en t  R2 ( wh i ch i s  
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the mul t i p l e  reg re s s i on equ i va l ent o f  r 2 ) was u s ed to 
measure h ow we l l  the mode l f i t s  th e data . 
Mode l I c on ta i ned dra f t  as a func t i on o f  a l l  the 
quant i tat i ve var i ab l e s  measured in the f i e l d  except cone 
i ndex , p l u s  the qua l i tat i ve var i ab l e s . D r a f t  was s e l ec ted 
as a dependent var i abl e because i t  i s  a c ommon measure o f  
the energy r e qu i r ement f o r  t h e  t i l lage o f  a s o i l . Mode l I I  
used the s ame var i ab l e s  as mode l I and i nc l uded t h e  s quar e s  
f o r  each quant i t at i ve var i ab l e .  Mode l I I I added C I  t o  mode l 
I to de t e rm i ne i f  C I  could be u s ed as an i nd i cator for 
dra f t , as wa s reas oned by Upadh yaha ( 1 9 8 4 ) . Mode l s  I V  and V 
exam i ned the var i abl e ' s  i n f l uence on C I , a s  i nd i cated by 
Pe rumpra l ( 1 9 8 3 ) . Mode l V I  was o f  i n t e r e s t  t o  de t e rm i ne i f  
E SP coul d  be s ub s t i tuted by eas i e r  measured param e t e r s . The 
s quared t e rms we re i nc luded in the mode l s  t o  i nve s t i gate the 
l i near i t y of the re l at i on s h i p  between dra f t  and other 
measured parame t e r s . 
A S ta t i s t i c a l  Ana l ys i s  S ys t em ( SAS ) prog ram f o r  s t ep� 
w i s e  mu l t i p l e  r e g r e s s i on was used to i nv es t i g a t e  the s i x 
mode l s  f o r  each year i ndependen t l y  and f o r  the two years 
c omb i ned for a total o f  e i ghteen ana l ys i s  ( Me ndenha l l and 
S i nc i ch , 1 9 8 4 ) . The e quat i ons wer� 
for a P < 0 . 0 5 s i g n i f i cant l eve l and 
t e s ted us i ng a F - te s t  
t h e  be s t  e quat i on was 
s e l ec t ed f r om eac h  ana l ys i s  ( Appendi x  F ) . 
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Table 5 .  Mode l s  used f o r  the s tep-w i s e  mu l t i p l e  r e g r e s s i o n . 
Mode l # Var i ab l e s  
I D = f ( S , ES P , EC , BD , MC , GYP , DP , YR )  
I I  D = f ( S , S 2 , E S P , E S P2 , EC , EC2 , BD , BD 2  , MC , MC 2  , GYP , DP , YR )  
I I I  D = f ( S , E SP , EC , BD , MC , C I , GYP , DP , YR )  
IV C I  = f ( E S P , EC , BD , MC , GYP , DP , YR )  
v C I  = f ( ES P , E S P2 , EC , EC2  , BD , BD2 , MC , MC2  , GYP , DP , YR )  
V I  E S P  = f ( EC , BD , MC , GYP , DP , YR )  
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RE SULTS AND D I SCU S S ION 
Data we re c o l l ec t ed at the f i e l d  s i t e f o r  draft ( D ) , 
cone i ndex ( C I ) , m o i s ture c on t ent ( MC ) , bul k  den s i ty ( BD ) , 
exchangeab l e  s od i um percentage ( ESP ) , and e l e c t r i ca l  
conduct i v i ty ( EC )  on J u l y  2 ,  1 9 8 6  and J u l y  1 7 , 1 9 8 7 . The 
f i e ld s i t e provi ded homogeneous s o i l  and c l i ma t i c  c o nd i t i on s  
and a rang e o f  E S P  values f r o m  1 to 2 1 % .  The depth and 
speed ( S )  o f  the t i l lage i mp l ement were h e l d  c o n s tant dur i ng 
th e dra ft meas u r ement s .  The relat i on s h i p s  b e tween D ,  C I , 
MC , BD , E S P , and EC we r e  i nve s t i gated by l i ne a r  and mul t i p l e  
reg re s s i on anal ys i s  o f  the - samp l e  data . The r e s u l t s  we re 
appl i ed t o  evaluate the e f fects of dra f t  for r e c l a i m i ng 
s ad i e  s o i l s . I n  add i t i on , s i x samp l e s , w i th E SP ' s  rang i ng 
from 4 . 7  t o  1 7 . 9% ,  we re u s ed for a l ab o ra t o r y  s t udy to 
i nve s t i g ate the wa t e r  r e t en t i on charac t e r i s t i c s  o f  the s o i l  
from the f i e l d s i te . 
The r e s u l t s  and d i s cus s i on w i l l  c o n s i s t o f  f ou r  ma i n  
par t s . The f i r s t  part conta i n s  the f i nd i ng s  o f  the 
l aborat o r y  expe r i me n t  to exam ine the wa t e r  r e t e�t i on curve s 
at s i x l eve l s  o f  E S P  ( Append i x  D ) � The s ec ond part i nc l ude s  
t h e  l i near r e l at i onsh i ps betwe en t h e  f i e l d  parame t e r s  
( Appendi x  E ) . The th i rd part summa r i z e s  the mu l t i p l e  
reg re s s i on ana l y s e s  f o r  s i x mode l s  c o n ta i n i ng th� 
quant i ta t i ve var i abl e s  D ,  C I , ESP , S ,  E C , B D , and MC , and 
the qua l i t at i ve var i ab l e s  GYP , DP , and YR ( Append i x  F ) . The 
f i na l  part d i scu� s e s  po s s ib l e  appl i c at i on s  o f . t h e  l i near and 
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mu l t i p l e  r e l at i on s h i p s  f o r  de t e rm i n i ng t h e  e f fe c t  o f  draft 
as a s s oc i a ted w i th sodic s o i l r ec l amat i on . 
I .  Wat e r  ( S o l ut i on )  Retent i on Curves ( Dryi ns ) 
The s i x  s o i l s amp l e s  that we re s e l ec ted f o r  the 
labo rat o ry s t udy prov i ded 
1 2 . 7 6 % , 1 4 . 6 4% ,  1 6 . 3 7 % ,  and 
ESP val ues o f  4 . 6 9 % , 6 . 0 2 % , 
1 7 . 9 0% ( Tabl e  D . l ) . The c o r e s  
we re packed t o  a bul k  dens i t y o f  1 . 3 g / cm 3 , s aturated , and 
then pl aced on a pres sure plate to obta i n  the wat e r  
r e tent i on dat a . The c o r e s  had mo i s t u r e  c o n t e n t s  rang i ng 
from 3 3  t o  3 5% at an i n i t i al pres sure o f  - 0 . 7 kPa . Wh en the 
pres sure r each ed - 8 0 0 kPa , th e cores w i th ESP v a l u e s o f  4 . 6 9% 
and 6 . 0 2% had m o i s ture contents o f  1 5  to 1 6% ,  wh e reas , the 
cores wi th ESP va lue s o f  1 2 . 7 6 % ,  1 4 . 6 4% ,  1 6 . 3 7 % ,  and 1 7 . 9 0% 
had mo i s tu r e  c on t e n t s  o f  2 0  t o  2 2% .  
The s i x c o r e s  s eparated i n t o  two d �s t i nc t  g roups 
( ESP < 6 . 0 2% and E S P > 1 2 . 7 6 % )  i nd i cat i ng that a s  the E SP 
i nc reased f r om 6 . 0 2 t o  1 2 . 7 6% the s o i l ' s  wat e r  r e t e n t i on 
curve chan g ed d i s t i nc t i ve l y  ( F i gure s  D . 1 � D . 2 ,  D . 3 ,  D . 4 ,  
D . 5 ,  and D . 6 ) . E quat i ons f or the wat e r  r e t en t i on curves o f  
th e two d i s t i nc t  g roups were calculated b y  t h e  Campbe l l  
( 1 9 7 4 ) method ( F i gure 8 ) . Un f o rtunat e l y ,  the l abo ratory 
s tudy prov i de d  l i t t l e  i n fo rmat i on betw e e n  the 6 . 0 2% and 
1 2 . 7 6 % range f o r  E S P . Howeve r , i t  did ve r i fy t h e  the o ry by 
Ru s s o  and B r e s l e r  ( 1 9 8 0 ) that f o r  a g i ve n  s o i l -wat e r  suc t i on 
head ( h ) , the wat e r  c ontent o f  the s o i l  i nc r e a s es as the -
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F i gure 8· . 
Na+ / Ca+ + 
( F i gure 8 ) . 
Pre� sure ( kPa ) , h 
Ave rage water reten t i on data f o r  E S P < 6 . 0 2 % and 
E S P > 1 2 . 7 6 % and c a l c u l a t e d  r e t e n t i o n c u rv e  u s i n g 
t h e  e qua t i on by Campbe l l ( 1 9 7 4 ) . 
r at i o  ( R )  o f  the s o i l  s o l u t i on i nc re as e s  
S amp l e s  w i t h an ESP> 1 2 . 7 6% requ i red mo re energy t o  dry 
to a t i l l a b l e m o i s t u r e  c o n t e n t  t h a n s o i l s amp l e s  w i t h a n  
E S P < 6 . 0 2 % . P r e c i p i t a t i o n  e v e n t s  t h a t  o c c u r r e d  d u r i n g t h e  
s t ud y  c a u s e d  w e t s o i l  c o nd i t i o n s . T h u s , d r a f t  r e ad i n g s w e r e  
di f f i cu l t  t o  obta i n , s i nc e  t h e  h i gh E S P  p l o t s d i d  n o t  d r y  a� 
qu i ck l y  as the l ow ESP p l o t s . Furthermor e ,  an ope rato r , wh o 
has s o i l s  w i th a h i gh s od i um c ontent , w i l l  expe r i ence a . 
dec reas ed amount o f  t i me t o  c onduc t t i l l ag e  and pl ant i ng 
ope rat i on s  a s c o mpared to t h e  s am e  s o i l p r i o r t o a n y  s od i um 
p r o b l e m s . 
3 9  
I I . L i near R e l at i onsh ips 
L i ne ar r e g r e s s i on anal ys i s  was u s ed f o r  f i t t i ng 
predi ct i on e quat i ons to the s amp l e  dat a  ( Tab l e s  3 and 4 )  by 
the method of l ea s t  s quare s . The s l ope , Bt , r ,  and r 2 , were 
used to as s e s s  the ut i l i t y of the l i near r e l a t i on s h i ps . The 
l i near reg r e s s i on ana l ys e s  and the c o r re l a t i on c o e ff i c i en t s  
were used t o  i de n t i fy the r e l at i onsh i ps a t  t h e  P < 0 . 0 5 l eve l 
o f  s i gn i f i canc e . Ana l ys e s  we re performed f o r  comb i nat i ons 
conta i n i ng o n e  of the dependent var i ab l e s  D ,  C I ,, and ESP 
wi th one of th e i ndependent var i ab l e s  E S P , B D , C I , and MC . 
On l y  the s i g n i f i cant l i near - re l at i onsh i ps a r e  r e pre s en t ed i n  
Tab l e  6 .  
Draft . T h e  r e l at i on s h i ps betwe e n  D and E S P  f o r  1 9 8 6  
( r2 = 0 . 6 1 ) ,  1 9 8 7  ( r2 = 0 . 5 1 ) , and the comb i n ed y e a r s  ( r2 = 0 . 5 3 )  
we re s i gn i f i c a n t  a t  the P < 0 . 0 5 l eve l ( F i gu r e s  E . 1 ,  E . 2 ,  and 
E . 3 ) . The 1 9 8 6  e quat i on f o r  D = f ( E S P ) was t h e  m o s t  prom i n ent 
o f  the l i n e a r  r e l at i ons h i ps f o r  dra f t . The 1 9 8 7  
re lat i onsh i p  b e twe e n  D and E S P  covered t h e  s ame range o f  
va l ue s  f o r  E S P  a s  the 1 9 8 6  data , but , a nar r ow e r  range o f  
dra ft va l ue s . Th e comb i ned ( 1 9 8 6  and 1 9 8 7 ) da ta s e t  
i nd i cated t h a t  5 3 % o f  t h e  va r i ab i l i t y  for p r e d i c t i ng D c o u l d  
be expl a i ned by the s i ng l e  var i ab l �  E S P . T h e  c oe f f i c i �n t s  
for the e qua t i on s , 0 . 2 6 kN/%E SP for 1 9 8 6 , 0 . 1 3 kN/%E S P  f o r  
1 9 8 7 , and 0 . 2 0 k N / %E S P  f o r  the c omb i ned year s , i nd i cat�d t h e  
amount o f  d r a f t  that dec r e a s e s  for a perc e n t a g e  dec rease i n  
E SP _. 
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Tab l e  6 . A l i s t i n g  o f  the l i near e quat i on s  and t he i r  r2  
va l u e s  wh i ch we r e  s i g n i f i cant a t  t h e  P < 0 . 0 5 l ev e l  
a n d  a r e  g raphed i n  appendi x  E .  
Graph # Year Equa t i ons r 2  
E .  1 8 6  D = 0 . 2 6 * ( E SP ) + 4 . 2 7 0 . 6 1 
E . 2  8 7  D = 0 . 1 3 * ( E SP ) + 5 . 7 3 0 . 5 1 
E . 3  8 6 & 8 7  D = 0 . 2 0 * ( E SP ) + 4 . 9 4 0 . 5 3 
E . 4  8 6  D = 1 4 . 6 2 * ( BD )  - 9 . 4 1 0 . 4 4 
E . 5  8 7  D = 6 . 9 1 * ( BD )  - 0 . 6 1 0 . 3 3 
E . 6  8 6 & 8 7 D = 1 1 . 1 7 * ( BD )  - 5 . 4 9 0 . 3 7 
E . 7 8 6  D = 0 . 0 0 3 8 * ( C I )  + 1 . 9 8 0 . 5 5 
E . 8  8 6 & 8 7 D = 0 . 0 0 2 1 * ( C I )  + 4 . 7 5 0 . 2 9 
E .  1 2  8 6  C I  = 4 9 . 4 0 * ( ES P ) + 8 5 5  0 . 5 7 
E .  1 3  8 6 &8 7 C I  = 4 3 . 2 2 * ( E SP ) + 7 8 2  0 . 2 7 
E .  1 4  8 6  C I  = 2 , 7 5 4 * ( BD )  - 1 , 7 1 6 0 . 4 0 
E .  1 5  8 6 & 8 7 C I  = 2 , 8 7 4 * ( BD )  - 1 , 9 8 0  0 . 2 9 
E . 1 6 8 6 & 8 7 C I  = - 5 2 . 2 5 * ( MC )  + 2 1 9 3  0 . 2 7 
E .  1 8  8 6  E S P  = 5 3 . 7 5 * ( BD )  - 4 9 . 7 2 0 . 6 6 
E .  1 9  8 7  E S P  = 4 9 . 5 9 * ( BD )  - 4 4 . 5 2 0 . 4 9 
E . 2 0 8 6 & 8 7 E S P  = 5 2 . 0 6 * ( BD )  4 7 . 5 9 0 . 5 9 
Wh i l e c o l l e c t i ng dra f t  read i tig s  i n  t h e  f i e l d , the 
6perato r  ob� e rved that d i f fe renc e s  in d ra f t  between h i gh and 
l ow ESP l ev e l  p l o t s  s e emed 'g r eater i n  1 9 8 6  t h an i n  1 9 8 7 . 
One change be twe e n  1 9 8 6 and 1 9 8 7  wa s the mo i s tu r e  c on t ent o f  
the s o i l . I n  1 9 8 6  t h e  M C  rang ed f r om 1 0  t o  1 8 % ,  wh e reas , i n  
1 9 8 7  t h e  M C  ranged f r om 1 8  t o . 2 7% ( F i gu r e  E . 9 ) . N o  
s ign i f i cant l i near re l at i onsh i ps we r e  f ound f o r  D = f ( MC ) . 
Howeve r , w i th i n  t h e  MC and D va l u e s  o f  t h i s  expe r i ment , the . 
rang e f o r  D was l e s s  at the h i gh e r  MC o f  1 9 8 7  than the l owe r 
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MC o f  1 9 8 6 . A l s o , WR I re s earch e r s  obs e rved t h a t  t h e  s o i l  
c l ods f r om p l o t s  o f  l ow E S P  broke apart by hand much eas i e r 
than c l ods f r o m  pl o t s  o f  h i gh ESP ( B i s cho f f , 1 9 8 8 ) . 
The r e l a t i on s h i ps be tween D and BD f o r  1 9 8 6  ( r2 = 0 . 4 4 ) , 
1 9 8 7  ( r2 = 0 . 3 3 ) , and the comb i ned ye a r s  ( r 2 = 0 . 3 7 )  we re 
s i gn i f i cant ( P < 0 . 0 5 )  ( F i gu r e s  E . 4 ,  E . 5 ,  and E . 6 ) . The 
pos i t i ve s l ope that BD had wi th D f o r  the t h r e e  da t a  s e t s  
i nd i cates t h a t  a s  t h e  bu l k  dens i t y f o r  the s o i l  i nc r eas e s  
t h e  ene r g y  t o  m o v e  a t o o l  through the s o i l  i n c r ea s e s  by 
1 4 . 6 2 kN /% f o r  1 9 8 6 , 6 . 9 1 kN / %  f o r  1 9 8 7 , and 1 1 . 1 7 kN / %  f o r  the 
comb i ned years . 
The r e l at i on s h i p  between D and C I  f o r  1 9 8 6  ( r2 = 0 . 5 5 ) , 
i nd i cated that C I  c o u l d  expl a i n  5 5 % o f  the var i ab i l i t y wh en 
used as a pred i c t o r  f o r  draft ( F i gure E . 7 ) . The dat a  for 
1 9 8 6  i nd i c a t e s  a t r end , but , f o r  a g i ven D value a w i de 
range o f  C I  v a l u e s  can be f ound . One o f  t h e  two data tapes 
cont a i n i ng C I  val u e s f o r  1 9 8 7  was l o s t  i n  t h e  f i e l d . Thus , 
th e C I  va l u e s  f o r  1 9 8 7  we r e  l i mi ted t o  1 1  p l o t  ave rage s  and 
the l i near r e g r e s s i on f o r  D = f ( C I )  f o r  1 9 8 7  was not 
s i gn i f i cant . The r e l a t i onsh i p  be twe e n  D and C I  f o r  the 
comb i ned year s ( r2 = 0 . 2 9 )  did not i mprove the r2 value over 
the 1 9 8 6 r2  v a l ue ( F i g ure E . 9 ) . Th e c o e f f i c i en t s  for 1 9 8 6  
( 0 . 0 0 3 8kN/ kPa ) and the c omb i ned ye a r s  ( 0 . 0 0 2 1 kN / kPa ) 
i ndi cated that D i ncrea s e s  when C I  i nc r e a s e s  ( Tabl e 6 ) . 
The r e l a t i on s h ips between D and EC f o r  1 9 8 6 , 1 9 8 7 , and 
the - comb i ned years we r e  n o t  s i gn i f i cant w i th i n  the var i abl e 
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rang es f o r  th i s  expe r i ment ( F i gure E . 1 0 ) . The r e l at i on s h i p  
was o f  i nt e r e s t becau s e  o f  t h e  eas i l y obta i nabl e  i n fo rma t i on 
that can be gath e r ed . from f i e ld s ampl e s . Unf o rt unat e l y , EC , 
wh i c h  i s  e a s i e r  t o  obta i n  i n  the l abora t o r y  than E SP , h ad no 
s i gn i f i c an t  re l a t i on s h i p  t o  D .  
The g r ound speed wa s h e l d  fa i r l y  c on s tant w i th i n  a 
g i ven year , but , was s l i gh t l y  h i gh e r  i n  1 9 8 7  than i n  1 9 8 6 
( F i gure E . 1 1 ) . Th e ave rage g r ound speed was 4 . 7 km/hr i n  
1 9 86 a s  c ompared t o  5 . 3 km/hr i n  1 9 8 7 . I mp l ement dra f t  
cons i s t s  o f  t w o  c omponent s :  1 )  a s ta t i c  c omponen t , and 
2 )  an addi t i on a l  amount propo r t i onal to t h e  s pe e d  or the 
s qua re of the speed , dependi ng on the t ype of i mp l e ment and 
the op i n i on o f  t h e  r e s e archer ( Al c ock , 1 9 8 8 ) . F o r  p l ow 
draft at s pe ed s  l e s s  than 6km/hr a chang e i n  s pe e d  should 
no t c au s e  an e r r o r  in draf t  g re at e r  than 5 % . F o r  examp l e , 
wh en a spe ed change o f  4 . 7  t o  5 . 3 km/hr ( 1 3 %  i nc re as e ) i s  
app l i ed t o  t h e  t h e o r y  o n  p l ow draft pres en t e d  b y  Kepne r e t  
al . ( 1 9 7 5 ) , a 3 %  change i n  p l ow draft occurs ( F i g u r e  1 ) . 
. .  
Cone I ndex a . The r e l a t i on s h i p  be twe en C I  and E S P  for 
1 9 8 6  ( r 2 : Q . 5 7 )  d i sp l ayed a fa i r l y  g o od r e l a t i o n sh i p  wi th a 
coe f f i c i ent o f  4 9 . 4 kPa/%E SP ( F i gure E . 1 2 ) . The 1 9 8 7  C I  dat a  
did not de t e rm i ne any s i g n i f i cant r e l at i on sh i p  
va l ue f o r  the c omb i ned improve t h e  
( F i gu re E . 1 3 ) . D u r i ng the data c o l l ec t i on o n  
f o r  1 9 8 7  o r  
r e l a t i onsh i p  
J u l y 2 ,  1 9 8 6  
WR I researchers obs e rved that h i gh e r  C I  va l u e s  o c c u rred on 
p l o t s wi th h i gh e r  ESP l eve l s . Many t i mes in 1 9 8 6  the rione 
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penetrome t e r  c o u l d  n o t  pene t ra t e  the s o i l s u r fa c e  o r  be l ow 
the plowing d e p t h  o n  p l o t s  w i th h i gh E S P  l ev e l s  w i thout 
overload i ng t h e  l oad - c e l l on the pene t ro me t e r . A l s o , the 
relat i onsh i p  between h i gh E S P  l eve l s  and h i gh C I  va l ue s  was 
not as s t r ong in 1 9 8 7  at the h i g h e r  mo i s tu r e  c o n t e n t s  v e r s u s  
1 9 86 at the l owe r m o i s ture contents . 
Pe rumpr a l  ( 1 9 8 3 ) s ta t e s  that c one i ndex i nc r eas e s  w i th 
increas i ng bul k  dens i t y and dec reas e s  w i t h  i nc reas i ng 
mo i s ture c o n t e n t . Perumpral ' s  theory s e e m s  t o  h d l d  t rue 
w i th i n  the l i m i t s  o f  th i s  expe r i ment ' s  data . The 
re lat i onsh i p  be tween CI and MC f o r  c omb i ned y e ar s  ( r2 = 0 . 2 7 ) , 
c o �f f i c i en t  o f  - 5 2 . 3 kN / % , i nd i cated l owe r C I  val u e s  
occurr i ng a t  t h e  h i gh e r  M C  value s , howeve r ,  few data va l u e s  
are ava i l ab l e  f o r  ve r i f i ca t i on ( F i gu r e  E . 1 6 ) . The 
re lati onsh i p  be tween CI and BD f o r  1 9 8 6  ( r 2 : 0 . 4 0 )  d i s p l ays a 
po s i t i ve t r end , 
t o  1 . 3 g / cm 3  
C I  and B D  f o r  
2 , 7 5 4kPa - cm3 / g , w i th i n  th e BD range o f  1 . 0 
( F i gu r e  E . 1 4 ) . The _ re l at i on s h i p  be twe en 
1 9 8 7  was not s i gni f i c an t , wh e reas , the 
combi ned re l a t i o ns h i p  ( r 2 : 0 . 2 9 )  was 
po s i t i ve t r end , 2 , 8 7 4 kPa - c m3 / g  
relat i onsh i p  be tween C I  and EC f o r  
s i g n i f i c an t  and had a 
( F i gu r e s  E . 1 5 ) . The 
1 9 8 6 , 1 9 8 7 , and t h e  
comb i n ed y e a r s  we r e  exam ined , but n o  s i g n i f i cant t rends 
ex i s ted ( F i gu re E . 1 7 ) .  
Exchangeabl e 
be twe en ESP and BD 
S od i um Percentage . T h e  r e l a t i on s h i ps 
f o r  1 9 8 6  ( r 2 : Q . 6 6 ) , 1 9 8 7  ( r 2 = 0 . 4 9 ) , and 
the riombined yea r s  ( r2 : Q . 5 9 )  h ad the h i g h e s t  c o r r � l at i on f o r  
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any o f  the var i ab l e  pa i r i ng s  ( F i gu r e s  E . 1 8 ,  E . 1 9 ,  and E . 2 0 ) . 
The c o e f f i c i en t s  i n d i c a t e  a p o s i t i ve t r end be tween E S P  and 
BD of 5 3 . 7 5 %E S P - cm3 / g  f o r  1 9 8 6 , 4 9 . 5 9%ES P - cm 3 / g  f o r  1 9 8 7 , 
and 5 2 . 0 6 %E S P - cm3 / g  f o r  t h e  c ombi ned year s . The 
r e l at i on s h i p s  be twe en E S P  and MC , and , ESP and EC f o r  1 9 8 6 , 
1 9 8 7 , and the c omb i ned years reveal ed n o  s i g n i f i cant 
corre l at i on s  for MC and EC wi t h  ESP ( F i g u r e s  E . 2 1 and E . 2 2 ) . 
As the s o i l ' s  E SP i nc r eas e s  the c l ay par t i c l e s d i s pe r s e  
a l l owing t h em t o  m o v e  and o r i ent t o  c r e a t e  m i n imal pore 
spac e w i th l aye r i ng of the c l ays , thus , i nc r e a s i ng t h e  BD . 
WR I researc h e r s  n o t i c e d  that the h i g her E S P  p l o t s  s e emed to 
have E u l en s ampl e s  w i th h i gh e r  bu l k  den s i t y . I t  was harder 
to saw t h ro ug h  the E u l e n  s amp l e s  f rom p l o t s  w i th h i gh e r  ESP 
l eve l s  than c o r e s  f r om p l o t s  w i th l owe r ESP l ev e l s . Th i s  
was e s pec i a l l y  t r u e  du r i ng the . 1 9 8 6 data c o l l e c t i on for 
E u l en samp l e s  whe n  the s o i l  wa s at a l owe r m o i s t u r e  c ontent 
than i n  1 9 8 7 . 
Mo i s ture Content . The r e l a t i onsh i p  be twee n  MC and BD 
for the c omb i n ed · years reve al ed no s i g n i f i c ant t r ends 
( F i g ure E . 2 3 ) . Two d i f f e rent range s  f o r  m o i s tu r e  c o n t ent · 
we re obta i ned f o r  the two year s  o f  data c o l l e c t i on . I n  1 9 8 6  
the M C  rang ed f r om 1 0  t o  1 8% ,  wh er eas , i n  1 9 8 7  MC ranged 
from 1 8  t o  2 7 % . Mo r e  repe t i t i on s  wi th i n  the data r an g e s  �re 
needed t o  quant i f y the re l at i ons h i p . The d ra f t  r e ad i ngs 
co l l ected a t  t h e  h i gh e r  mo i s tu r e  cont�n t s  du r i ng the s ec ond 
year ( s = 1 . 0 7 k N ) s e emed to be more un i fo rm betwe en p l o t s  of 
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h i gh and l ow E S P  than o f  the f i rs t  year ( s = 1 . 8 9 kN ) . A l s o , 
the t i l lage i mp l ement was obse rved t o  pu l l  s m o o t h e r  and 
eas i e r  over a l l t h e  t re atme n t s  when at t h e  h i g h e r  m o i s tu r e  
content . 
I I I . Stat i s t i ca l  Analys i s  for the Mode l s  
S i x  ba s i c  m od e l s  we r e  u s ed t o  r e l a t e  t h e  dependent 
var i ab l e s  D ,  C I , and E S P  t o  the i ndependent quan t i tat i ve 
var i ab l e s  S ,  E S P , EC , BD , and MC , and t h e  qua l i ta t i v e  
var i ab l e s  GYP , D P , and YR ( Tabl e  5 ) . S t e p -w i s e  mu l t i p l e  
regres s i on was u s ed t o  i nv e s t i gate t h e  mode l s  f o r  each year 
i ndependent l y  and for the two ye ars comb i ne d  fo r a t o tal o f  
e i gh t ee n  ana l ys e s . S ome o f  the i ndependent var i abl e s  we re 
removed f r om t h e  o r i g i na l  mode l s  due t o  c o l l i n ear i t y o r  whe n  
th ey ac t ed a s  c on s tant s  ( Tabl e  F . . l ) . The e qu a t i on s  that 
pas s ed an F - t e s t  f o r  s i g n i f i cance at the . P < 0 . 0 5 l ev e l  are 
l i s t ed f o r  each ana l ys i s  ( Append ix F ) . S t at i s t i ca l l y , the 
be s t  equat i o n w i th i n  each year for each mode l wa s s e l e c t ed 
by D r . Tuck e r , Ag r i c u l tural Exper i ment S t at i on S ta t i s t i t i on . 
The procedure u s ed c ompared the be s t  equa t i on ( s ee 
exp l anat i on ,  App e nd i x  F )  f o r  a number o f  var i ab l e s  w i th the 
be s t  e quat i on c on ta i n i ng one fewer var i ab l e s  w i th i n  each 
mode l unt i l  t h e  d i f f e renc e i n  R2  
wa s s i gn i f i c an t  ( Tabl e  7 ) . 
va lues be twe e n  e quat i on s  
T h e  max i mum number o f  
ob s e rvat i ons p o s s i b l e  for each year wa s 3 1 .  T h e  1 9 8 6  dat a  
used for the r e g re s s i on ana l y s e s  conta i n ed a va l u e  f o r  each 
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var i ab l e  o f  each o f  t h e  3 1  obs e rvat i o ns ( Tab l e  3 ) . I n  1 9 8 7 , 
h oweve r , the number of obs e rvat i ons dec r e a s e d  wh en a 
var i abl e i n  the model had m i s s i ng data for the o b s ervat i on s  
( Tabl e  4 ) . Fo r examp l e , the number o f  obs e rva t i on s  was 
reduced f rom the 3 1  po s s i b l e  i n  1 9 8 6  t o  1 1  i n  1 9 8 7 , due t o  a 
l o s t  data tape cont a i n i ng f i e l d  cone i ndex r e ad i ng s . 
Tab l e  7 .  The be s t  e quat i on s  f o r  each dat a  s e t  o f  e ac h  mode l 
a s  s e l ec t ed by the s t ep-wi s e  mul t i p l e  r e g re s s i o n 
ana l ys i s  at the P < 0 . 0 5 s ' g n i f i c ance l ev e l . 
Mode l Year No . Obs e rv . R2 Equat i on 
I 8 6  3 1  0 . 7 7 D : f ( MC , GYP , DP )  
8 7  2 8  0 . 5 1 D = f ( ES P ) 
8 6 & 8 7 5 9  0 . 5 3 D = f ( ES P ) 
I I  8 6  3 1  0 . 6 9 D = f ( ES P , DP )  
8 7  2 8  0 . 5 1 D = f ( ES P ) 
8 6 & 8 7  5 9  0 . 5 7 D = f ( ESP , DP )  
I I I  8 6  3 1  0 . 6 9 D : f .( E S P , DP ) 
8 7  1 1  0 . 4 8 D = f ( ES P ) 
8 6 & 8 7  4 2  0 . 6 7 D : f ( ES P , DP )  
I V  8 6  3 1  0 . 6 6 C I = f ( ES P , DP )  
8 7  1 1  no s i g n i f i cant equat i on s  f o r  1 9 8 7  
8 6 & 8 7  4 2  0 . 7 2 C I = f ( E S P , MC , DP )  
v 8 6  3 1  0 . 6 6 C I : f ( ES P , DP )  
8 7  1 1  0 . 5 8 C I = f ( EC , EC 2 ) 
8 6 & 8 7 4 2  0 . 7 5 C I = f ( E SP , E S P 2 , MC , DP )  
V I  8 6  3 1  0 . 5 7 E S P = f ( C I ) 
8 7  1 1  0 . 3 3 ESP = f ( DP )  
8 6 & 8 7 4 2  0 . 5 7 ESP = f ( MC ,  C I ) . 
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Mode l I .  Mode l I c on t a i ned draft as a func t i on o f  a l l 
the quant i ta t i ve va r i ab l e s  measured i n  the f i e ld except cone 
i ndex , plus the qua l i tat i ve var i abl e s . The v a r i ab l e s  S and 
BD we r e  r emoved f r om the mod e l  s i nce they ac t e d  a s  c o n s tant s  
( Tabl e  F . 1 ) . A l l o f  t h e  s i gn i f i cant equa t i o n s  f o r  1 9 8 6 , 
1 9 8 7 , and the c ombi ned years contai ned the var i ab l e s  E S P  o r  
GYP ( Tab l e  F . 2 ) . For 1 9 8 6 , the be s t  e qua t i on was 
D = f ( MC , GYP , DP )  ( R2 : 0 . 7 7 ) , wh e r eas , for 1 9 8 7  and t h e  c omb i ned 
yea r s  the be s t  equat i ons were D = f ( ES P ) ( R2 : 0 . 5 1 )  and 
D = f ( E SP ) ( R2 : Q . 5 3 ) , r e spec t i v e l y  ( Tab l e  7 ) . 
Mode l I I . Mode l I I  u s ed the s ame var i ab l e s  a s  mode l I 
p l u s  the s qua r e s  f o r  each o f  the quant i ta t i ve var iabl e s . 
The va r i ab l e s  S ,  8 2 , BD , and BD2 we re removed f r o m  the mode l 
j u s t  a s  i n  mode l I .  I n  add i t i on , qual i tat i ve v ar i ab l e  GYP 
wa s removed f r om the 1 9 8 6  and DP was r emoved f r om the 1 9 8 7  
ana l ys i s  due t o  c o l l i n ear i ty . Howeve r , t h e y  b o t h  rema i ned 
i n  the comb i ned yea r s  ana l ys i s  ( Tab l e  F . l ) . 
· The be s t  e qua t i on s  f o r  mode l I I  in 1 9 8 6 , 1 9 8 7 , and the 
comb i ned ye a r s , were D = f ( E SP , DP )  ( R2 : 0 . 6 9 ) , · D = f ( ESP ) 
( R2 : 0 . 4 8 ) , and D = ( E SP , DP )  ( R2 : 0 . 0 . 5 7 ) , r e s pec t i ve l y  
( Tab l e  7 ) . Four e qua t i on s  c on t a i n i ng s quared t e rm s  f o r  the· 
mod e l  I I  ana l ys i s  were s i g n i f i cant ( Tabl e  F . 3 ) . The mod e l  
I I r e s u l t s  we r e  s i m i l a r  t o  the r e s u l t s  f o r  mode l I .  The 
1 9 8 6 ana l ys i s  did not c onta i n  the GYP var i ab l e  or the 
s quared te rm var i ab l e s  t hat ente red the s i g n i f i can t  
equat i on s . 
. I 
. , 
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Mode l I I I . Mode l I I I  added C I  to mode l I t o  de t e rm i ne 
i f  C I  wou l d  be a be t t e r  i nd i cator for dra f t  wh e n  c ombi ned 
w i th the o th e r  i ndependen t  var i abl e s . A s epara t e  mode l was 
u s ed t o  i nv e s t i ga t e  the CI a f f e c t  on draft s i nc e the numbe r 
o f  obs e rvat i o ns d e c r e a s ed wh en C I  was i n  the m ode l f o r  1 9 8 7 . 
The var i ab l e s  S and BD were removed f r om mode l I I I  s i nce 
they ac ted as cons tant s ,  j u s t  as i n  mode l I ( Tab l e  F . 1 ) . 
A l s o , GYP wa s removed f rom a l l three o f  the ana l y s i s  due t o  
c o l l i near i t y . Thu s , mode l I I I  was s i m i l ar t o  mode l I e x c ept 
for the pre s ence of C I , the abs enc e o f  GYP , and fewer number 
o f  obse rvat i on s  f o r  1 9 8 7 . 
The be s t  e qua t i on s  f o r  mod e l  I I I  
c ombi ned years , were D = f ( ES P , DP )  
i n  1 9 8 6 , 1 9 8 7 , and the 
( R2 : Q . 6 9 ) , D = f ( E SP ) 
( R2 = 0 . 4 8 ) , 
( Tab l e  7 ) . 
mode l I I  
and D = f ( E SP , DP )  ( R2 : Q . 6 7 ) , r e spec t i ve l y  
Th e e qua t i ons contai ned the s ame var i ab l e s  as 
bu t had d i f f e r ent R2 val ue s  for 1 9 8 7 , and for the 
comb i ned ye a r s , s i nce the numbe r o f - obs e r va t i o n s  was 
d i f fe rent . The add i t i on o f  C I  f o r  mode l I I I  d i d  not 
s i gni f i c an t l y  improve the be s t  equat i on s  f o r  t h e  data s e t s  
o v e r  mode l I o r  mode l I I . T h e  e qua t i on D = f ( E S P , C I )  
( R2 = 0 . 6 6 )  f o r  1 9 8 6  was an improvement o v e r  the l i near 
equat i on s  D = f ( E S P ) ( R2 : Q . 6 1 )  and D = f ( C I )  ( R2 = 0 . 5 5 ) . 
H oweve r , the be s t  e qua t i on s  for mode l I I I  d i d  n o t  c o n t a i n  C I  
( Tab l e  F . 4 ) . Thus , mode l I o r  mode l I I  wh i c h c o n t a i n  more 
obse rvat i o ns shou l d  be u s ed 
d i s r egarded . 
and mode l I I I  can be 
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Mode l I V . Mode l I V  i nve s t i gated the i n f l uence o f  the 
quant i ta t i ve and qua l i tat i ve var i abl e s  on CI ( Tabl e  5 ) . The 
var i ab l e  BD was r emoved f r om mode l IV , s i nc e i t  ac t ed a s  a 
c on s tan t . Th e v a r i ab l e  S was not cons i de red f o r  mode l I V , 
s i nce i t  r e p r e s e n t ed the g r ound spe ed f o r  the draft 
i mp l ement and h ad no 
( Tabl e  F . l ) . 
c onne c t i on t o  t h e  C I  r e ad i ng s  
The be s t  e qua t i ons f o r  mode l I V  i n  1 9 8 6 , and the 
c omb i ned year s , we re C I = f ( ES P , DP )  ( R2 : 0 . 6 6 )  and 
C I : f ( ES P , MC , DP )  ( R2 : 0 . 7 2 ) , r e spec t i ve l y  ( Tab l e  7 ) . N o  
s i gn i f i cant e quat i on s  w e r e  found f o r  mode l I V  i n  1 9 8 7  
( Tabl e  F . 5 ) . The s i gns o f  the c o e f f i c i en t s  f o r  t h e  e qua t i on 
f o r  mode l I V  i n  t h e  c omb i ned yea rs i nd i c a t e d  that the C I  
decreased wh en E S P  decreas ed , dec r eased whe n  MC i n c r e a s ed , 
and dec reased wh e n  the s o i l was deep pl owed . T h e  equat i on 
ag r e e s  wi th Pe rumpral ' s  ( 1 9 8 3 ) s tat ement that the c one i ndex 
dec reas e s  wi th i nc r ea s i ng mo i s ture content . Th e E S P  and DP 
i n f l u enc e on CI i s  unde r s tandab l e  s i nce an i nc r ea s i ng E S P  
wo uld i nc r e a s e  bu l k  dens i t y and d e e p  p l owing t e nd s  t o  l o o s en 
the s o i l and l owe r the bu l k  dens i ty .  
Mode l V .  Mode l V u s ed the s ame var i ab l e s  a s  mode l I V  
and i n c l uded t h e  s quares f o r  each o f  t h e  quan t i ta t i v e  
var i ab l e s . The var i abl e s  BD and BD2 we r e  r e mo ved from 
mode l V just a s  i n  mode l I V . I n  add i t i on , t h e  qua l i ta t i ve 
var i ab l e  GYP wa s r emoved f rom the 1 9 8 6  anal y s i s  and DP wa s 
removed f rom t h e  1 9 8 7  ana l ys i s  due to c o l l i n e ar i t y . 
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Howeve r , b o t h  GYP and DP r ema i ned i n  the c omb i ne d  yea r s  
ana l y s i s  ( Tab l e  F . 1 ) .  
The be s t  e qua t i on s  f o r  mode l V i n  1 9 8 6 , 1 9 8 7 , and the 
c omb i ned yea r s , were C I : f ( E S P , DP )  ( R2 : Q . 6 6 ) , C I = f ( EC , EC2 ) 
( R2 : 0 . 5 8 ) , and C I : f ( ES P , E SP2 , MC , DP )  ( R2 : 0 . 7 5 ) , r e spe c t i v e l y  
( Tab l e  7 ) . The s quared t e rms d i d  not i mprove t h e  e quat i on 
f o r  mode l V f o r  1 9 8 6 . Three s i gn i f i cant e qua t i on s  were 
found for 1 9 8 7 , but , the few data po i nt s  mak e i t  d i f f i cu l t  
t o  draw c o nc l u s i on s  f r om t h e  r e s u l t s . The c omb i ned years 
be s t  e quat i o n  wa s an i mprovement over mode l IV w i th the 
add i t i o n of E S P2  ( Tabl e  F . 6 ) . 
Mode l VI . M ode l V I  was t o  de t e rm i ne i f  E S P  c ou l d  be 
s ubs t i tuted by a mu l t i p l e  o f  eas i e r  measured parame t e r s . 
The var i ab l e  B D  was r emoved s i nce i t  acted a s  a c on s tant and 
GYP was removed due to c o l l i near i t y ( F i gure F . 1 ) . Thus , the 
on l y  rema i n i ng s o i l paramet e r s  we re EC , MC , -and C I . 
The be s t  e quat i on s  f o r  mode l VI i n  1 9 8 6 , 1 9 8 7 , and the 
combi ned years , 
( R2 = 0 . 3 3 ) , and 
( Tabl e  7 ) . The 
we re E S P : f ( C I )  ( R2 : Q . 5 7 ) , E S P = f ( DP )  
E S P= f ( MC , C I ) · ( R2 : 0 . 5 7 ) , r e s pe c t i v e l y  
o n l y  i mprovement o v e r  t h e  l i near 
r e l at i on s h i p s  for E SP wa s i n  the c omb i ned years data s e t . 
C one i ndex appeared i n  a l l  o f  the mu l t ivar i ab l e  e qua t i ons 
for ESP ( Tab l e  F . 7 ) . 
IV . Func t i onal I mportanc e 
Rec l amat i on 
An obj e c t i ve o f  th i s  
o f  Draft 
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for S ad i e  S o i l  
s tudy was t o  exam i ne the 
impor tance of i mp l ement dra ft i n  the rec l amat i on of a s od i c  
s o i l . Th i s  s t udy prov i ded e quat i on s  de s c r i b i n g  draft a s  a 
func t i on o f  E S P  ( Tabl e  6 ) . F o r  c ompar i s on pu r po s e s , t h e  
dra f t  requ i r emen t s  f o r  a reduced t i l l age s ys t em f o r  one year 
of c rop produc t i on on a l oam s o i l  we re i de n t i f i ed ( Tabl e  8 )  
( Fr i sby and S umme r s , 1 9 7 9 ) . 
F i e l d obs e rvat i on s  by WR I r e s earche r s , th e mu l t i p l e  
regre s s i on ana l ys i s , and t h e  s o i l chem i s t r y  d a t a  i nd i ca t e  
t h a t  the g ypsum amendment reduc ed the draft and t h e  E S P  o f  
th i s  s o i l . Throughout the s tudy , the g ypsum - am e nded p l o t s  
we r e  obs e rved t o  c ons i s t en t l y  r educ e t h e  d r a f t  and E S P  o f  
t h e  s o i l , un l i k e  t h e  var i ab l e  e f fec t s  r e s u l t i ng f r om t h e  f l y  
a s h  o r  s u l fur ame ndmen t s  u s ed i n  th i s  expe r i m e n t .  C l o s e r  
i nve s t i ga t i on f o r  t h e  f l y  a s h  and s u l fur ame ndment s i s  
needed . The E S P  l eve l s  and the dra f t  on ne a r l y  a l l o f  the 
gypsum- amended p l o t s  i nc re a s ed f r om 1 9 8 6  t o  1 9 8 7 . 
Equat i on s  we re de r i ved f o r  the g yp s um and n o n - amended 
t reatmen t s  to de s c r i be the i n i t i a l  and c o n t i nu o u s  e f fec t 
that g yp s um had o n  the draft r e qu i remen t s , t h u s  e l i m i na t i ng 
any e f f e c t  f r om the o t h e r  ame ndmen t s  ( Tab l e s  9 and 1 0 ) . 
From the s e  e quat i on s , the appl i c a t i on o f  g yp s um r e s u l t ed i n  
approx imat e l y  a 4 0% ( 1 9 8 6 ) , 2 0% ( 1 9 8 7 ) , and 3 0% ( 1 9 8 6  and 
1 9 8 7 comb i n ed ) de c r e a s e  in the draft requ i rement f o �  the 
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Tab l e  8 .  D r a f t  r e qu i reme nts f o r  a reduc ed t i l l ag e  s y s t em 
f o r  o n e  year o f  c rop produc t i on on a l oam s o i l 
( F r i sby and S umme r s , 1 9 7 9 ) . 
Un i t  Draft S peed P e r c en t  of 
T i l l age Ope r a t i o n ( kN/m ) ( kM/h ) T o t a l  D r a f t  
Ch i s e l  Pl owt 5 . 9 4  
D i sc 2  3 . 4 0 
Row Crop P l an t e r l  0 . 9 3 
Row Crop Cu l t i va t o r4 2 . 5 0 
T o t a l  Dra f t  1 2 . 7 7 
t Mounted , s t ra i g h t  po i n t s , 0 . 3 1 m spac i n g  
2 Whe e l - t ype , 0 . 4 6 m  b l ad e s  ( we l l  worn ) , 
0 . 2 3m spac i n g  
3 4 - row , 0 . 9 7 m s pac i ng 
t 2 - r ow , 0 . 9 7 m s pac i ng 
6 . 4 1 
6 . 1 4 
4 . 2 2 
4 . 4 0 
W i dth 
( m )  
3 . 0 7 
3 . 9 7 
3 . 8 9 
1 . 9 4 
Tab l e  9 .  D r a f t  meas urements on g ypsum amended and 
n on - amended t r eatmen t s . · 
Measured Draft* No . S tanda rd 
Year P l o t  Type ( kN )  Obs erv . Dev i at i on 
GYP NA GYP NA GYP NA 
1 9 8 6  DP 5 . 2 2 8 . 3 9 6 3 0 . 2 9 0 .  2 4 . 
SP 5 . 5 9 9 . 8 4 4 3 0 . 9 4 0 . 9 2 
DP&S P  5 . 3 7 9 . 1 2 1 0  6 0 . 6 1 0 . 9 9 
1 9 8 7  DP 6 . 9 5 8 . 7 1 6 3 0 . 7 9 0 . 8 1 
S P  6 . 4 0 8 .  1 7  4 3 1 . 0 4 0 . 1 8 
DP& S P  6 . 7 3 8 . 4 4 1 0  6 0 . 8 9 0 . 6 0 
1 9 8 6  DP 6 . 0 8 8 . 5 5 1 2  6 1 . 0 7 0 . 5 6 
& S P  5 . 9 9 9 . 0 1 8 6 1 . 0 1  1 . 0 9 
1 9 8 7  DP& S P  6 . 0 5 8 . 7 8 2 0  1 2  1 . 0 2 0 . 8 6 
* - dra ft u s i ng the 5 s h ank i mpl ement w i t h  sweeps . 
4 6 . 5  
2 6 . 6  
7 . 3  
1 9 . 6  
Depth 
( em )  
3 0 . 7  
1 0 . 2  
5 . 1  
7 . 7  
T - t e s t  
y 
y 







y - the· mea s u re d  draft means are s i g n i f i cant l y  d i f fe r ent a t  
t h e  a = 0 . 0 5 l e v e l  o f  s i gn i f i cance . 
I . , I 
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Tab l e  1 0 . L i ne a r  e quat i ons f o r  draft c onta i n i ng g yp s um and 
n o n - am endment obs e rvat i on s . 
N o . o f  
Year Eguat i on r 2  Data P o i n t s  
1 9 8 6  D = - 3 . 7 5 * ( GYP ) + 9 . 1 2 0 . 8 6 1 6  
1 9 8 7  D = - 1 . 7 1 * ( GYP ) + 8 . 4 4 0 . 5 5 1 6  
1 9 8 6  and 1 9 8 7  D = - 2 . 7 3 * ( GYP ) + 8 . 7 8 0 . 6 7 3 2  
t i l l ag e  ope rat i on . The equat i on for dra ft as a func t i on o f  
E S P  f o r  t h e  c omb i ned years ( Tab l e  6 )  i nd i ca t e s  a 0 . 2 0 kN/%E S P  
reduc t i on i n  t h e  i mp l ement draft f o r  th i s  exp e r i ment for 
eac h  percent that the ESP is  l owered , w i t h i n  an ESP rang e of 
1 . 8 7 to 1 8 . 8 0 % . 
Un f o r tuna t e l y , the t i l l ag e  i n s t rument u s ed i n  th i s  
expe r i ment was n o t  ea s i l y  c ompared t o  o t h e r  d r a f t  i mp l emen t s  
found i n  t h e  l i t e rature . I t  was di f f i c u l t  t o  v e r i fy the 
actual dra ft va l u e s  wi th va l ue s  obt a i n ed f r om ano t h e r  s tudy 
w i th a s i mi lar t i l l ag e  i mp l ement and s o i l type . T h i s  c o u l d  
b e  acc ommodated i n  future s tud i e s  b y  co l l e c t i ng data on the 
same day w i th the s ame s ys t em on a non - s od i um a f f e c te d  s o i l . 
Two examp l e s  w e r e  found that pro v i ded a c l o s e  c ompar i s on to 
the meas ured dra f t  values o f  the non� amended ( 1 . 9 k N / t o o l ) 
and the g yp s um amended ( 1 . 1 kN / t o o l ) obs e rvat i on s  f o r  th i s  
study . The f i r s t  examp l e  was by F r i sby and S umm e r s  ( 1 9 7 9 ) 
who sh owed that t h e  measured va l u e s  for dra f t  o f  a f i e ld 
cul t ivator o r  c h i s e l  ( kN / t o o l  bas i s ) we re e qua l t o  o r  hal f 
I 
Tab l e  1 1 . Compar i s on o f  t i l l ag e  meas uremen t s . 
I mp l ement 
Type 
S pac i ng ( i n )  
Depth ( em )  
S peed ( km/ h ) 
Draft ( kN / To o l ) 
F i e l d 
I mpl ement 
3 0  
1 7  
5 
1 . 9 - NA 
1 . 1  - GYP 
F r i sby & S umme r s  
F i e l d  Cul t  Ch i s e l  
6 
2 0 . 5  
7 . 7 7 
0 . 6 8 
1 2  
3 0 . 7  
6 . 4 1 
1 . 8 4 
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the measured draft va l u e s  o f  th i s  s t udy , be f o r e  c o r r e p t i ons 
f o r  speed and depth would fur ther reduce t h e i r  va l ue s  
( Tabl e  1 1 ) . S e c o nd l y ,  McKye s and Des i r  ( 1 9 8 4 ) measured t h e  
d r a f t  i n  a l oam s o i l u s i n g  f l a t  t i l lag e  b l ade s o f  vary i ng 
w i dth , depth and rake ang l e . The y  found t h e  dra f t  o f  a 2 0 om 
w i de b l ade operat i ng a t  a depth of 1 5 om to be 0 . 5 0 kN ( 2 0 
de g r e e  rak e  ang l e ) and 1 . 4 0 kN ( 3 5 deg r e e  rak e a ng l e ) f o r  a 
dry l o am s o i l  and 0 ·. 6 7 kN ( 2 0 degree rake ang l e ) and 1 . 7 7kN 
( 3 5 deg r e e  rake ang l e ) for a wet l o am s o i l . F r om t h e s e  
c ompar i s ons , the abs o l u te dra f t  va l u e s  o f  th i s  expe r i ment 
s e em to be w i t h i n  reas on . 
The i ns t rumen tat i on s ys t em u s ed f o r  t h e  draft 
measurement s p r ov i ded an accura t e  l i near re s pon s e  ba s e d on 
cal i brat i on procedu r e s  be fore and a f t e r  f i e l d t e s t s . Each 
year the draft dat a  was c o l l ec t ed in one day , j us t  a f t e r  
s e t t i ng up the i n s t rumentat i on s ys tem on t h e  t rac t o r . Any 
s i gn i f i c ant e r r o r s  in the draft measur i ng s ys t em s h o u l d  
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th r e e - po i nt h i t c h  draft dynamomet e r . The r e f o r e , by us i ng 
the dec re a s e  i n  dra ft as s oc i ated w i th t h e  r educ t i on o f  the 
s o i l  ESP the e f f e c t  of any e r r o r s  w i th i n  the i n s t rumentat i o n 
s ys tem wou l d  b e  m i n i mi z ed .  
The d ra ft r educ t i on s t atement s  ( Tabl e  1 0 ) c an be u s ed 
t o  e s t i ma t e  the r educ t i on i n  draft requ i reme n t s  o f  a t i l l ag e  
s ys tem f o r  c r o p  pr oduc t i on on s o i l s  s im i l a r  t o  t h e  rec l a imed 
s o i l  o f  th i s  e x p e r i ment , and there f o re , an ope rat o r  c o u l d  
e s t i mate a n  expec t ed dec r e a s e  i n  t h e  t o t a l  d r a f t  a f t e r  
ame ndi ng th e i r  s od i um a f fec ted s o i l . F o r  examp l e , an 
operat o r  w i t h a s od i um-af fec t ed s o i l  us i ng a r educ ed t i l l ag e  
s ys tem c o u l d  pred i c t  an expe c t e d  r educ t i on o f  p r obab l y  2 0  t o  
4 0% , po s s ibl y 3 0% ,  fr om the i r  present d r a f t  f o r  c h i s e l  
p l ow i ng , d i s c i ng , and row crop cul t i vat i on o f  the i r  
ope rat i on . The pl ant i n g  dra ft s h ou l d  not c hang e 
s i gn i f i c ant l y  s i n c e  the s o i l  wou l d  be qu i te l oo s e . I f  the 
s od i um a f f e c t ed s o i l  requ i r e s  repe t i t i on i n  any part of  the 
t i l lage s ys tem t o  ensure a prope r s e edbed , then the 
· e s t i mated dec r e a s �  i n  dra ft a£ ter amendi ng w i l l  i n c r e a s e . 
Actual energy u s a g e s  are s i tuat i o n dependen t  and u n i que f o r  
each f i e l d  and pr oduce r ,  howeve r , a n  examp l e  h a s  b e e n  worked 
through ( Append i x  G )  to s h ow energy and d r awbar powe r 
requ i rements f o r  a s od i um a f f e c t ed and gypsum- amended s o i l · . 
For r ec l ama t i on to be feas i b l e , the pre s en t  c o s t s  and 
future bene f i t s  w i th i n  the econom i c  ba l anc e e qua t i on f o r  
s od i c  so i l  rec l amat i on n e e d  to be eva l uated o n  a n  i nd i v i dual 
. I 
I I 
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bas i s . The future bene f i t s o f  reduc ed wa t e r  u s ag e  and 
t i l l ag e  r e qu i rement s ,  a l onger t i l l ag e  wi ndow , and i nc r ea s ed 
y i e lds need to be gr eater than the pre s ent c o s t s  f o r  
t i l l ag e , wate r  usage , c r o p  y i e ld , and the amendment t o  b e  
used . Th e reduced e n e r g y  and / o r  drawbar powe r r e qu i r ement 
can be e s t i mated ba s ed o n  the reduc t i on f o r  a dec re a s e  i n  
E S P  o r  the percent draft change due to the appl i c at i on o f  an 
e f fe c t i v e amendment , such as , g ypsum . Us i ng e i th e r  method , 
the res u l t s  o f  th i s  expe r i ment c an h e l p  r e s e arc h e r s  and 
ope rat o r s  an s we r  the feas i b i l i t y que s t i on for s od i c  s o i l  
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made f r om th i s  
1 .  S i gn i f i c an t l i near r e l a t i on s h i ps ( P < 0 . 0 5 )  
( Tabl e 6 )  we r e  found us i ng the 1 9 8 6  and 1 9 8 7  c omb i ned samp l e  
data ( Tab l e s 3 and 4 )  i nd i cat i ng that D dec r e a s ed a s  1 )  E S P  
dec reased ( D : 0 . 2 0 * ( ES P ) + 4 . 9 4 )  ( r2 : 0 . 5 3 ) , a s  2 )  B D  decreased 
( D = 1 1 . 1 7 * ( BD ) - 5 . 4 9 )  ( r 2 : 0 . 3 7 ) , and as 3 )  CI  dec reased 
( D = 0 . 0 0 2 l * ( C I ) + 4 . 7 5 )  ( r 2  = 0 .  2 9 )  ; C I  dec r e a s ed as 1 )  E S P  
de creas ed ( C I = 4 3 . 2 2 * ( E S P ) + 7 8 2 ) ( r2 = 0 . 2 7 ) , a s  2 )  BD dec rea s ed 
( C I = 2 , 8 7 4 * ( BD ) - 1 , 9 8 0 ) ( r 2 = 0 . 2 9 ) , and as 3 )  MC i nc r eased 
( C I = - 5 2 . 2 5 * ( MC ) + 2 1 9 3 ) ( r 2 = 0 . 2 7 ) ; and E S P  i nc r e a s ed as BD 
i nc re a s ed ( ES P =  5 2 . 0 6 *  ( BD ) - 4 7 . 5 9 )  ( r 2  = 0 . 5 9 ) .  The mu l t i pl e 
reg re s s i on ana l ys i s  d i d  not g r eat l y  i mprove t h e  l i near 
mode l s  f o r  dra f t , h owever , the qua l i t a t i ve var i ab l e s  GYP and 
DP were pre sent in c o mb i nat i on w i th E S P  w i th i n  the bes t 
equa t i o ns for t h e  mode l s . 
2 .  The mu l t i p l e  regre s s i on ana l ys i s  f o r  C I  a s  the 
dependent var i ab l e revea l ed that 7 2 % of the var i ab i l i t y f o r  
pred i c t i ng C I  f rom t h e  samp l e  data c ou l d  b e  e xp l a i n ed by 
E S P , MC , and DP . The equat i on 
( R2 : 0 . 7 2 )  C I = 5 2 . 2 8 * ( ES P ) - 5 6 . 0 7 * ( MC ) - 1 9 3 . 0 * ( DP ) + 1 , 6 9 3  
i nd i cated that C I  decreased as E S P  
i nc r eased , and w h e n  deep pl owed . 
dec r e a s e d , as MC 
I 
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3 .  App l y i ng t h e  gypsum amendmen t  t o  t h e  s od i um 
a f fec t ed s o i l  i n  th i s  expe ri ment res u l t ed i n  appro x i ma t e l y  a 
4 0% ( 1 9 8 6 ) , 2 0% ( 1 9 8 7 ) , and 3 0% ( 1 9 8 6  and 1 9 8 7  c omb i ned ) 
dec reas e i n  t h e  draft r e qu i remen t for . the t i l l ag e ope rat i on 
o f  th i s  s tudy . 
j . 
. . 
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SUMMARY 
Res earch wa s c onduc ted du r i ng 1 9 8 4 , 1 9 8 5 , 1 9 8 6 , and 
1 9 8 7  on a s od i um a f f e c t ed s i l t  l oam s o i l  to deve l op 
r e l a t i onsh i ps among imp l ement dra f t  ( D )  and the f o l l ow i ng 
s o i l parame t e r s : c one i ndex ( C I ) , mo i s tu r e  c on t ent ( MC ) , 
bu lk den s i t y ( BD } , exchang eab l e  s od i um percentage ( ES P ) and 
e l ec t r i ca l  c o nduc t i v i ty ( EC ) . The depth and s pe ed o f  the 
t i l l age i mpl eme n t  were h e l d  c ons tant . Amendm en t �  we r e  
app l i ed at the f i e l d  s i t e  i n  S eptembe r , 1 9 8 4  that prov i ded 
3 1  p l o t s  w i th a range o f  ESP va lues f rom 1 t o  2 1 % .  No dra f t  
read i ng s  were c o l l ec t ed i n  1 9 8 5  due t o  above n o rmal 
prec i p i tat i on . Data we re c o l l ec t ed on Ju l y  2 ,  1 9 8 6  and Ju l y  
1 7 , 1 9 8 7 . Re l a t i o n s h i p s  between D ,  C I , MC , BD , E S P , and EC 
were exam i ned u s i ng l i near and mu l t i p l e  r e g re s s i ons to 
exam i n e the i mpor tan c e  o f  impl ement dra f t  in t h e  r ec l amat i on 
o f  a s od i c  s o i l . A l aborato ry s tudy wa s a l s o  c o nduc t ed t o  
i nve s t i gate the wa t e r  re tent i on charac te r i s t i c s  o f  the s o i l  
at var i ous l eve l s  o f  ESP . 
The wa t e r  r e t ent i on curve s ver i f i ed the t h e o r y  by Rus s o  
and B r e s l e r  ( 1 9 8 0 } that f o r  a g i ven s o i l -wa t e r  s uc t i on head 
( h ) , the s o i l wa t e r  c ontent i nc reas e s  as the Na+ / Ca+ + rat i o  
( R ) o f  the s o i l  s o l u t i on i nc reas e s  ( F i gur e s  2 ,  3 ,  and 9 } . 
For th i s  s o i l  t h e  wat e r  re tent i on curv e s  w e r e  f o und t o  be , . 
e - 7 . 3 4  h = 1 . 3 3 * ( ) 3 7 . 5  and 
9 - 1 o . s 3  
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for E S P  va l ue s  between 4 . 6 9% and 6 . 0 2% ,  and between 1 2 . 7 6% 
and 1 7 . 9 0% , r e spec t i v e l y . Due t o  th e s e  wat e r  r e t en t i on 
charac t e r i s t i c s , an operator , wh o has s o i l s  h i gh i n  s od i um , 
wi l l  expe r i ence a dec reased amount o f  t i m e  t o  c onduct 
t i l l ag e  and p l an t i ng operat i on s . 
s h o r t ened g r ow i ng s e a s on , l i m i ted 
dec r e a s ed pr oduc t i v i t y . 
L i near r e g r e s s i on ana l ys i s  wa s 
Th i s  can r e s u l t  i n  a 
c r o p  s e l ec t i o n , and 
u s ed f o r  f i t t i ng 
predi c t i on equat i on s  to sampl e da ta . Th e s i gn i f i c an t  l i near 
r e l a t i onsh i p s  ( Tabl e  6 )  for 1 9 8 6  had cons i s t en t l y  h i g h e r  r2  
val ue s  than t h e  1 9 8 7  e quat i ons .- Th e dr i e r  c ondi t i on in 1 9 8 6  
produced a d i s t i nc t  r e sponse be twe en the measured f i e l d 
pa ram e t e r s  o f  D ,  C I , and BD i n  r e l at i on t o  E S P . The 1 9 8 6  
and 1 9 8 7  c omb i ned e qua t i on s  represent t h e  f i e ld c o nd i t i ons 
over a ran g e  o f  t i l l ab l e  MC for th i s  s o i l . Th e y  i n d i cate 
that D dec reas ed as 1 )  ESP de c r eased ( D � 0 . 2 0 * ( ES P ) + 4 . 9 4 ) 
( r 2 : Q . 5 3 ) , 2 )  B D  dec reas ed ( D = 1 1 . 1 7 * ( BD ) - 5 . 4 9 )  ( r2 : 0 . 3 7 ) , 
and 3 )  C I  dec reas ed ( D = 0 . 0 0 2 1 * ( C I ) + 4 . 7 5 )  ( r2 : Q . 2 9 ) ; C I  
· dec reas ed as 1 ) E S P  dec r eased ( C I = 4 3 . 2 2 * { E S P ) + 7 8 2 } 
( r 2 : 0 . 2 7 ) ,  2 )  BD dec rea s ed ( C I = 2 , 8 7 4 * ( BD ) - 1 , 9 8 0 ) ( r 2 = 0 � 2 9 ) , 
and 3 )  MC i nc r ea s ed ( C I = - 5 2 . 2 5 * ( MC ) + 2 1 9 3 ) ( r2 = 0 . 2 7 ) ; and 
ESP i nc r e a s e d  a s  BD i nc reased ( ES P = 5 2 . 0 6 * ( B D ) - 4 7 . 5 9 )  
( r2 : 0 . 5 9 ) .  Th e s i gn i f i cant r e l at i onsh i ps ag r e ed w i th the 
the o ry f ound i n  t h e  l i te rature . N o  s i gn i f i cant 
r e l at i on s h i ps we re found wi th i n  th i s  s tudy for D = f ( MC ) ,  
D = f ( EC ) , C I = f ( EC ) , E S P= f ( MC ) , ESP= f ( EC ) , and MC = f ( BD ) . 
I 
i 
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S i x  mode l s  were u s ed f o r  the s t e p-w i s e  mu l t i pl e  
regr e s s i on ana l ys i s  ( MRA ) t o  de t e rmi ne i f  the l i n ear 
r e l a t i on s h i p s f o r  D ,  E S P , and CI could be be t t e r  repre s en t ed 
by mu l t i pl e  c omb i nat i ons o f  the quant i ta t i ve and qua l i tat i ve 
var i abl e s  ( Tabl e  5 ) . The MRA for D as t h e  dependen t  
va r i ab l e  i dent i f i ed t h a t  D dec r eas ed a s  1 )  E S P  dec r ea s ed , 
2 )  C I  dec r ea s ed , 3 )  MC decreased , 4 )  wh en g yp s um h ad been 
appl i ed and 5 )  when the s o i l  had been deep p l owed . The MRA 
d i d  n o t  g r ea t l y i mprove the l i near mode l s  f o r  dra f t ; 
howeve r , the qua l i tat i ve var i ab l e s  GYP and DP w e r e  p r e s ent 
i n  c omb i nat i on w i th E S P  wi th 1 n  the bes t  e quat i on s  for the 
mode l s . 
The MRA f o r  C I  as the dependent va r i abl e  d i d  i mprove 
the l i ne a r  mode l s . The equat i on s  
C I : 5 3 . 2 9 * ( ES P ) - 6 4 . 6 1 * ( MC ) + 1 7 0 4  ( R2 : 0 . 6 7 )  and 
C I = 5 2 . 2 8 * ( ES P ) - 5 6 . 0 7 * ( MC ) - 1 9 3 . 0 * ( DP ) + 1 , 6 9 3  ( R2 = 0 . 7 2 )  
i n d i c ate that C I  dec reased a s  1 )  E S P  d e c r e a s ed , 2 )  MC 
i nc reased , and 3 )  wh en deep pl owed . 
dec r eased when g yp sum had been appl i ed . 
C o n e  i ndex a l s o  
The MRA f o r  E S P  a s  a dependent var i abl e f o und E S P  t o  · 
dec rease as MC and C I  de cr eased . The e quat i on 
E S P = 0 . 7 7 * ( MC ) + 0 . 0 1 0 4 * ( C I ) - 9 . 6 6 ( R2 = 0 . 5 7 )  d i d  n o t  de f i ne an 
eas i e r way to de t e rm i n e E S P . 
Th i s  s tudy exami ned the func t i ona l impo r tanc e o f  draft 
i n  the rec l ama t i on of a s od i c  s o i l . Equat i on s  w e r e  der i ved 
for the gypsum and non - amended observat i on s  ( 1abl e s 9 
. .  
. I 
i 
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and 1 0 ) t o  de s c r i b e  th e i n i t i a l  and cont i nuous e f fe c t  that 
gypsum had on the draft r e qu i rement . Thus , app l y i ng g yp sum 
r e s u l ted i n  approx i ma t e l y  a 4 0% ( 1 9 8 6 ) , 2 0% ( 1 9 8 7 ) , and 3 0% 
{ 1 9 8 6  and 1 9 8 7  c omb i n ed ) dec reas e i n  the d r a f t  r e qu i r ement 
for the t i l l ag e  ope rat i on . I n  add i t i on , the l i n e a r  equa t i on 
D = f ( ES P ) f o r  1 9 8 6  and 1 9 8 7  c ombi ned i ndi c a t e s  a 0 . 2 0 k N / %ESP 
reduc t i on i n  the i mp l emen t draft f o r  th i s  expe r i ment f o r  
each percent t h a t  the E S P  was l owered , w i th i n  an E S P  range 
o f  1 . 8 7 t o  1 8 . 8 0% . 
Fo r r ec l amat i on t o  be feas ibl e , the future bene f i t s o f  
1 )  r educ ed wa t e r  usage and t i l l age r e qu i r emen t s , 2 )  a l on g e r  
t i l l age wi ndow , and 3 )  i nc r eased c rop y i e l d  n e e d  t o  be 
g r eat e r  than the pre sen t  c o s t s  of 1 )  t i l l ag e , 2 )  wa t e r  
usage , 3 )  c r op y i e l d , and 4 )  t h e  amendment t o  b e  u s ed . 
Reduc ed e n e r g y  and drawbar powe r requ i r eme n t s  can be 
e s t i mated bas e d  on e i t h e r  the r educ t i on f o r  a d e c r e a s e  i n  
E S P  o r  the p e r c e n t  draft change d u e  t o  an e f f ec t i ve 
amendment , s uch a s , g ypsum . 
· r e s u l t s  o f  th i s  exp er i ment 
Us i n g  e i t h e r  m e t h od , the 
c an h e l p  r e s ea r c h e r s  and 
ope ra t o r s  answe r the f eas i b i l i t y  qu� s t i on f o r  s o d i c . s o i l  · 
rec l amat i on . 
I n  the futur e , the l aboratory s tudy c o u l d  be expanded 
to i nves t i g at e  the wat e r  r e t ent i on curve th roughout the 
range for E S P . A l s o , an unc o n f i ned c ompac t i on t e s t  o f  the 
s o i l c o r e s  a t  var i ou s  l e ve l s  of ESP and . MC c ou l d  provi de 
i mpo r tant s o i l  s t r ength charac t e r i s t i c s  as r e l ated to E S P . 
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C one i ndex va l u e s  c o u l d  be c o l l ec t ed at var i ou s  i r r i ga t i on 
f i e l d  s i t e s  i n  c onj unc t i on w i th S outh Dak o t a ' s  p r e s e n t  s o i l  
s ampl i ng for i r r i ga t i on . 
c o u l d  be repeated over 
cond i t i ons to v e r i fy 
The f i e ld mea suremen t s  f o r  dra ft 
s everal ove r l app i ng E S P , MC , and BD 
and i mprove t h e  i dent i f i e d 
r e l a t i onsh i ps . Draft da ta could 
me thod p r e s en t ed by McKye s and Des i r  
be c o l l ec t ed u s ing the 
( 1 9 8 4 ) and the e f fec t 
o f  ESP i nc o rp o rated i n to th e i r  mode l . 
! . 
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I mproveme n t  o f  a s o l o ne t z i c  ( s l i ck spot ) s o i l  by deep 
p l o w i ng , subs o i l i ng , and amendment s . S o i l S c i ence 
S o c i e ty of  Ame r i c a  Proceed i ng s  3 6 : 1 3 7 - 1 4 2 . 
Reeve R . C .  and E . J .  Doer i n g . 1 9 6 6 . The h i gh - s a l t -wa t e r  
d i l u t i on me thod f o r  rec l a i m i ng s o d i c  s o i l s . S o i l  
Sc i e nc e  S o c i e ty o f  Ame r i ca Proc eed ings 3 0 : 4 9 8 - 5 0 4 . 
Rus s o , D .  and Bre s s l e r , E .  1 9 8 0 . S o i l -wa t e r  suct i on 
r e l a t i onsh i ps as a f fec ted by s o i l  s o l u t i on 
c o n c entrat i on and compos i t i o n . I n : Ag rochem i cal s i n  
s o i l s ( Edi to r , A .  Ban i n  and U .  Ka fka fi ) .  Pergamon 
Pre s s , New York , PP 2 8 7 - 2 9 7 . 
Schae fe r ,  s . w . , J . H .  B i schoff , and D . P .  Froeh l i c h . 1 9 8 6 .  
S odi um e f fe c t  on th e ph ys i cal parame t e r s  o f  a s odi c 
s o i l .  AS AE Pape r No . 8 6 - 1 5 3 7 , ASAE , S t . J o s eph , 
M I  4 9 0 8 5 . 
Sco f i eld , C . S .  and F . B .  Headley .  1 9 2 1 . 
i r r i gat i on wat e r s . Sm i t hson i an 
Repo r t . 1 9 3 5 , pp . 2 7 5 - 2 8 7 . 
The s a l i n i t y o f  
I n s t i t u t e  Annual 
Upadh yaya ,  S . K . 1 9 8 4 . 
dra f t . ASAE Pape r 
M I 4 9 0 8 5 . 
Pred i c t i on o f  t i l l ag e  i mp l ement 
No . 8 4 - 1 5 1 8 , ASAE , S t . J o s e ph , 
6 7  
Upadh yaya , S . K . , T . H .  W i l l i ams , L . J .  Kemb l e , and N . E .  
C o l l i n s . 1 9 8 4 . Energy requ i remen t s  f o r  c h i s e l i ng i n  
coastal pl a i n  s o i l s . Transac t i o ns o f  t h e  ASAE 
2 7 ( 6 ) : 1 6 4 3 - 1 6 4 9 . 
U . S .  S a l i n i t y Lab o ratory S ta f f . 1 9 5 4 . Qua l i t y o f  
i r r i g at i on wa t e r . D i agnos i s  and i mprovem e n t  o f  s a l i n e  
and a l ka l i s o i l s . I n : Ag r i c ul tural Handb o o k  6 0  
( Edi t o r , L . A .  R i chards ) .  U . S . Depar tmen t o f  
Ag r i cu l ture , Wash ing ton , D . C . , 1 9 5 4 , pp . 6 9 - 8 2 . 
Wi smer , R . D .  and H . J .  Luth . 1 9 7 2 . O f f - road t ract i on 
predi c t i o n f o r  wh e e l ed veh i c l e s . ASAE Pape r N o . 
7 2 - 6 1 9 , ASAE , S t . J o s eph , M I  4 9 0 8 5 . 
Yah i a  T . A . , S .  M i yamo t o , and J . L .  Stroeh l e i n . 1 9 7 5 . E f fe c t  
o f  s u r face appl i ed sul fur i c  ac id o n  wa t e r  pen e t ra t i on 
i n to dry c a l careo us and sodic s o i l s . S o i l S c i enc e 
S oc i e t y o f  Ame r i ca Proceedings 3 9 : 1 2 0 1 - 1 2 0 4 . 
I . � 
I 
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Tabl e A . l .  L i s t  o f  s ymbo l s , de f i n i t i on s , and un i t s . 
Symbo l  
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De f i n i t i on 
s ubs o i l e r  cutt i ng ang l e  ( l i ft ang l e ) 
c o n s tan t s  f o r  wate r  reten t i on func t i on 
l e as t s quares intercept 
l e a s t  s quares s l ope 
bu l k  dens i t y 
ca l c i um i on 
c at i on exchang e capac i t y 
c one i ndex 
depth o f  opera t i on 
draft 
s t a t i c  c omp onen t o f  draft 
deep p l ow , qua l i ta t i ve var i abl e 
dra f t  at speed S 
e l ec t r i c a l  c onduc t i v i ty 
exchangeab l e  s od i um perc entage 
acc e l e r a t i on due to g rav i t y 
gypsum , qua l i ta t i ve var i ab l e  
mat r i c  p r e s sure head 
a c on s tant wh o s e  value i s  related t o  
impl ement type and de s i gn and to 
s o i l  c ondi t i on s  
l eng th r e l ated subso i l er parameter
s 
mo i s ture c on t e nt , dry bas i s  
Un i t s  
de g r e e  
gm/cm3 
meq/ 1 









m / s 2 
un i t l e � s  
k Pa 
k g / m  
m 
% 
Tab l e  A . l .  















( Co n t i nued ) . 
De f i n i t i on 
magne s i um i on 
mu l t i p l e  r e g re s s i on anal ys i s  
s od i um i on 
h ydrogen i on c oncent rat i on 
we t bu l k  den s i ty 
samp l e  l i near c oe f f i c i ent o f  
c o r r e l a t i on 
caton i c  rat i o , Na+ / Ca+ + 
samp l e  l i n e a r  c o e f f i c i ent o f  
de t e rm i na t i on 
s ampl e mu l t i p l e  c o e f f i c i ent o f  
de t e rm i nat i on 
s tanda rd dev i a t i on 
fo rwa rd ve l oc i t y 
s o d i um ads orpt i on rat i o  
wi dth o f  subs o i l e r cut t i ng edge 
dependen t  var i ab l e  
mean va l ue 
pred i c t ed va l ue 
mat r i c  p o t en t i a l 
year , qua l i ta t i ve va r i abl e 
v o l ume f r ac t i on o f  the s o i l  s o l u t i on 
saturated v o l ume t r i c  mo i s ture c o n t e n t  
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Un i t s 
meq / 1  
meq/ 1 
un i t l e s s  
un i t l e s s  
un i t l e s s  
un i t l e s s  
un i t l e s s  
m / s  
un i t l e s s  
m 
k Pa 
uni t l e s s  
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APPEND IX B 
D e sc r i pt i on o f  the Amendment Layout , and 
Ti l l age , Cropp i ng , and Weath er H i s t or i es 
for the F i e ld S i te 
I 
; t I . I 
7 3  
The f i e ld s i t e was e s t abl i shed i n  S e pt embe r , 1 9 8 4  on a 
port i o n o f  a qua r t e r  s ec t i on o f  l and that h ad b e e n  i rr i gated 
for 18  yea r s  and had been s e vere l y  l i m i t e d  in pr oduc t i on 
from the s od i um i on .  Koch i a  was the on l y  p l an t  g r owing 
abundant l y  at th i s  t i me . The l and had n o t  pr oduce d  a c rop 
f o r  the prev i ou s  three year s , but had been deep ch i s e l ed two 
years p r i o r  to the e s tabl i shment of the f i e l d s i t e .  
I n  S ept embe r , 1 9 8 4 , the f i e l d s i t e  was d i s c ed th r e e  
t i me s t o  c l ea r  t h e  koch i a  and to a l l ow f o r  t h e  l ayout o f  the 
1 8 . 3 m ( 6 0 ft ) by 2 2 . 9 m ( 7 5 ft ) p l o t s . The p l o t s  r e ce i ved 
va r i ous chem i c a l  and t i l l ag e amendment s  ( F i gure B . l ) . A 
c r op o f  w i n t e r  wheat was e s tab l i sh ed i n  the fal l o f  1 9 8 4 . 
. ...  
•··· 
S O D I C  S O I L  R E C LA MATI O N  P L O T S  
i N  COOPE R A T ION W I TH :  
WATER R E S O U R C E S I N STI T U T E  
S O  D E P A R T M E N T  o f  A G R I C U L T U R E 
SD A G R I C U LT U R A L  E X P. STA T I O N  
A L L E N  H A L L  
- ·· ·  4" - ·· 
T i l l a � c  
3 0"Piow• 1 S  .. P i ow• 6 . .  P i o w0 
A m e n d m e n t s  
Sul f u r  • 5  G y psu m•G Coa l F l y a s h · A  
R A T E  
L o w · L  M c: d i ., m · M  H i � h-H 
F i g u r e  B . l .  D e s c r i � t i o n o f  t h e  pl o t  l a y o u t  and t h e  
amendm e n t s  u s e d  a t  t h e  f i e l d  s i t e . 
I . I 
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Th e w i n t e r  wheat d i d  n o t  survi ve the w i n t e r , n e v e r t h e l e s s , 
th e p l o t s  were r e p l an t ed i n  the spr i n g  o f  1 9 8 5  t o  s p r i ng 
wheat ( Tabl e  B . l ) . 
Tab l e  B . l .  The f i e l d s i t e ' s  h i s t o ry . 
Date T i l l age 
9 / 8 2  D e e p  ch i s e l ed two years pr i o r  to 
the s ta r t  o f  the p r o j ec t  i n  9 / 8 4 . 
9 / 8 4  D i s c ed three t i m e s , 
D e e p , Mode rate and S ha l l ow pl owed , 
I nc o rporated amendments t o  4 "  depth 
w i t h r o t o t i l l e r , ( over a l l  p l o t s ) 
D i s c ed and s e eded . 
4 / 8 5  D i s c ed and s e eded ( r epl anted ) . 
8 / 8 5  ( no t i l l ag e ) .  
7 / 8 6  Draft measuremen t s  were c o l l ec t ed . 
9 / 8 6  D i s ced and s e eded . 
7 / 8 7  ( no t i l l age ) . 
7 / 8 7  D ra f t  measurement s  we re c o l l ec t ed . 
C roppi ng 
V o l u n t e e r  
C l ea r ed Koch i a  
App l i ed Amend . 
W i n t e r  Wh eat 
S pr i ng Wheat 
Harv e s t ed Wheat 
W i n t e r  Wheat 
Harve s t ed p l o t s  
7 5  
Beg i nn i ng i n  t h e  ear l y  s ummer o f  1 9 8 5 , the f i e ld s i t e 
rece i ved abo ve no rmal prec i pi tat i on ( F i gure B . 2  and 
Tab l e  B . 2 ) , wh i ch d i d  not a l l ow the h i gh e r  E S P  l ev e l  p l o t s  
to dry ade qua t e l y ,  r e su l t i ng in n o  dra ft dat a  b e i ng 
c o l l e c t ed i n  1 9 8 5 . The above n o rma l prec i p i ta t i on c ont i nued 
t h r ou gh the fa l l  of 1 9 8 5  and i nt o  the spr i ng of 1 9 8 6 . The 
f i r s t  s et of dra f t  r e adi ngs we re c o l l e cted o n  J u l y  2 , 1 9 8 6 . 
A c rop o f  w i n t e r  wheat was pl ant ed i n  th e fal l o f 1 9 8 6 . The 
w i n t e r  wh eat wa s harve s t ed o n  July 1 6 , 1 9 8 7 , and t h e  s e c o nd 
s e t  o f  dra f t  r e ad i n g s  we re co l l ected the f o l l ow i ng day o n  
Ju l y  1 7 , 1 9 8 7 . 
""""' � 
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F i gure B . 2 . P r e c i p i t a t i o n  e v e n t s  for the f i e l d s i t e f r o m  




7 6  
Tab l e  B . 2 .  S ummar y  o f  prec i p i tat i on f o r  the f i e l d  s i te and 
dev i at i on s  f r om no rma l . 
Total N o rmal D ev i a t i on 
T ime I n te rval Prec i p i tat i on Prec i p i tat i on F rom No rma l 
( month/year ) ( mm )  ( mm )  ( mm )  
9 / 8 4  - 1 2 / 8 4  9 8  1 0 1  - 3  
1 / 8 5  - 4 / 8 5  5 1  9 6  - 4 5  
5 / 8 5  - 8 / 8 5  2 4 9  2 7 7  - 2 8  
9 / 8 5  - 1 2 / 8 5  1 4 0 1 0 1  3 9  
1 / 8 6  - 4 / 8 6  1 6 5  9 6  6 9  
5 / 8 6  - 8 / 8 6  2 9 8  2 7 7  2 1  
9 / 8 6  - 1 2 / 8 6  1 2 3 1 0 1  2 2  
1 / 8 7  - 4 / 8 7  1 2 0 9 6  2 4  
5 / 8 7  - 8 / 8 7  6 2 7 7  - 2 7 1  
I . I 
� . 
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The prog ram u s e d  b y  the HP7 1 B  c o n t ro l l e r  t o  c o l l ec t  
dra ft read i ng s  i n  t h e  f i e l d  i s  l i s t ed i n  Tab l e  C . 1 .  An 
i dent i f i ca t i on l abe l was i mpu t ed v i a  k e yboard i n t o  t h e  
Tabl e C . l .  Data ac qu i s i t i on prog ram . 
1 0  
2 0  
3 0  
4 0  
5 0  
6 0  
7 0  
8 0  
9 0  
1 0 0 
1 1 0 
1 2 0 
1 3 0 
1 4 0 
1 5 0 
1 6 0  
1 7 0 
1 8 0 
1 9 0  
2 0 0  
2 1 0 
2 2 0  
2 3 0 . 
2 4 0 
2 5 0  
2 6 0  
2 7 0  
2 8 0  
2 9 0  
3 0 0  
3 1,0 
3 2 0  
3 5 0 
3 6 0  
3 7 0  
3 8 0  
3 9 0  
4 0 0  
! " DYNOHUD " , S TORED ON TAPE HUDSON - T I LLAGE 
OPT I ON BAS E  1 
DESTROY ALL 
F IX 6 
D = DEVADDR ( " HP 3 4 2 1 A " ) 
R = 9 6 0  @ L = 8  @ P -R / L  ! R= TOTAL RDGS , L = RDGS / S CAN 
D I M  A ( P , L ) , T ( P , 2 ) , E ( 2 , 3 ) , T 1 $ [ 1 5 ] , C $ [ 2 8 ] , D 2 $ [ 8 ] 
INPUT " T I ER , END , REP : # C # #  ? " ; T $ @ T 1 $ = " HUD " &T $ & " : TAPE " 
OUTPUT : D  ; " DCV 2 , 2 , 2 ., 
-
FOR J = 1 TO 3 
ENTER : D  ; E ( l , J )  
NEXT J 
D 2 $ = DATE $ 
C $ = " TOLS 3 , 3 , 3 , 6 , 3 , 3 , 3 , 6 : F 1 N 4 R 1 Z O " 
OUTPUT : D  ; " TOLS 3 , 3 , 3 , 6 , 3 , 3 , 3 , 6 : F 1 N 4R 1 ZO " 
K = O 
D I S P " R= RUN S = S TOP " 
I F  KEYDOWN ( ., R " ) ·THEN GOTO 1 9 0 ELSE GOTO 1 8 0 
K = K + 1 
T ( K , 1 ) : T I ME 
OUTPUT : D ; " T 3 "  
T ( K , 2 ) = T I ME 
FOR J = 1 TO L 
ENTER : D  ; A ( K , J )  
NEXT J 
I F  KEYDOWN ( " S " ) THEN GOTO 2 7 0  ELSE GOTO 1 9 0 
OUTPUT : D  ; " DCV2 , 2 , 2 " 
FOR J = 1 TO 3 
ENTER : D  ; E ( 2 , J )  
NEXT J 
D I SP " T = TAPE TRANS FER " 
I F  KEYDOWN ( " T " ) THEN GOTO 3 5 0  ELSE . GOTO 3 2 0  
CREATE DATA T 1 $ , 4 0 
A S S I GN # 1  TO T 1 $  
PR I NT # 1 ; P , K , L , D 2 $ , C $ , E ( , ) , T ( , ) , A ( , ) 
A S S I GN # 1  TO * 
D I S P  " DONE " 
E ND 
i 
· I  I 
i ) I . 
I 
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c on t r o l l e r  pr i o r t o  each run wh i ch i nd i c ated the t i e r o f  
p l o t s , t h e  e nd o f  t h e  t i e r i n  wh i c h  t h e  t rac t o r  was 
s ta r t i ng , and the repe t i t i on of that t i e r . The k e ydown 
c ommand was us ed t o  c o n t r o l  when the prog ram s ta r ted or 
s t opped . I f  the k e y  " R "  was pushed , the prog ram wou l d  beg i n  
by r e c o rd i ng t h e  beg i nn i ng t i me , t h e  e i gh t  dra f t  r ead i ng s , 
and the end i ng t i me f o r  each scan , unt i l  t h e  " S "  k e y  wa s 
pushed o r  1 2 0 s c an s  we r e  c o l l ec t e d . The dat a  we r e  then 
aut omat i ca l l y  t r an s f e rred t o  a m i c rocas s e t t e  dat a  tape . The 
prog ram u s e d  three ar rays t o  s to r e  the dra f t , t i me , and 
vo l tage supp l y  r eadi ng s , p l u s
-
var i ou s  var i ab l e s  f o r  prog ram 
cont r o l  ( Tab l e  C . 2 ) . 
Tabl e C . 2 .  Va r i ab l e  l i s t i ng i n  the o rder th e y  appear i n  t h e  
prog ram : 





A ( P , L )  = 
T ( P , 2 )  = 
E ( 2 , J )  = 
T $  = 
T $ 1 = 
J = 
D 2 $  = 
C $  = 
K = 
De f i n i t i on 
i n t e r face dev i c e  addr e s s for the vo l tme t e r / s cann e r  
t o t a l  # o f  read i ng s  
read i n g s  per scan 
t o t a l  s c ans c apabl e  i n  prog ram 
dra f t  r eadi ng s  
t i me r e ad i ng s  at beg i nn i ng and end i n g  o f  dat a  scan 
v o l t ag e  s uppl y read i n g s  at beg i nn i ng and end i ng o f  
t i er 
i den t i f i ca t i on numbe r f o r  t i e r run 
f i l e  s t o rage name for tape 
l o op c o u n t e r  
da te r e c o rded 
how the v o l tmet e r / s c anner c o l l ec ted the i n f o rmat i on 
l o op c oun t e r  
) 
APPEND IX D 
De s c r i pt i on o f  the Wa ter Retent i on Curve ( WRC ) Data 
and 
Graph s of the WRCs for the S i x ESP Leve l s  
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S i x  samp l e s  were s e l ec ted f rom the 3 1  c o l l ec t ed f r om 
the t op 1 0 om o f  the s o i l  pro f i l e  fr om each ob s e rva t i on at 
th e f i e l d  s i t e ( Tabl e D . l ) . Th e samp l e s  prov i ded a rang e of 
E S P  va l u e s  t o  i nve s t i ga t e  the e f fec t E S P  h a s  o n  wa t e r  
r e t en t i on f o r  t h i s s o i l . Mo i s ture c on t en t s  we r e  de t e rm i n ed 
us i ng a pre s s ure p l a t e  apparatus at pre s s u r e s  app l i ed i n  
doubl i ng i n c reme n t s  f rom 0 . 7 k Pa t o  8 0 0 k Pa ( Tabl e  D . 2 ) . At a 
r e l at i ve vacuum o f  - 8 0 0 kPa o r  l ower , the s o i l c o r e s  d i d  n o t  
ma i n ta i n  c ontact w i th th e press ure p l at e . The wat e r  
r e t ent i on curve f o r  e ach E S P  l e vel i ndi cated t h a t  th e c o r e s  
at a h i gh e r  E S P  s ta r t ed and rema i ned at a h i gh e r  m o i s ture 
c ontent a t  a g i ve n  pre s s ure . A l s o , the da ta po i n t s  f o r  the 
cores wi th t h e  h i gh e r  E S P  va l u e s  had g r eat e r  var i ances i n  
mo i s ture content a t  a g i ven pres sure . 
Tab l e  D . l .  E S P  va l u e s  f o r  the sur face s amp l e s  u s ed f o r  t h e  
wa t e r  r e t en t i on curve s . 
I de n t i f i cat i o n # E S P  I dent i f i ca t i on it E S P  
1 1 3 2  1 . 8 7 3 3 1 3  1 6 . 0 0 
1 1 3 1  2 . 9 6 1 3 1 1 1 6 . 0 4 
3 1 3 1  4 . 5 2 1 0 0 1 *  . 1 6 . 3 7 *  
3 1 3 2 *  4 . 6 9 *  3 2 2 2  f 6 . 5 1  
3 1 3 3 5 . 0 3 3 0 0 3  1 6 . 6 8 
3 1 1 3  5 . 1 6 1 0 0 3  1 7 . 0 2 
3 1 1 1  5 . 7 4 2 0 0 2  1 7 . 3 5 
3 1 1 2 * 6 . 0 2 *  1 2 1 2  1 7 . 5 3 
1 1 1 2 6 . 5 7 3 0 0 2  1 7 . 8 5 
1 1 1 1  7 . 0 4 1 0 0 2 *  1 7 . 9 0 *  
1 2 3 3  1 0 . 7 4 1 2 1 1 1 8 . 1 9  
1 2 1 3 * 1 2 . 7 6 *  3 0 0 1 1 8 . 2 8 
3 2 2 3  1 4 . 6 3 1 2 3 2  1 8 . 3 1 
3 2 2 1 *  1 4 . 6 4 *  2 0 0 1 1 8 . 3 3 
1 2 3 1  1 5 . 1 0  3 3 1 1  1 8 . 5 8 
3 3 1 2 . 1 5 . 1 3 
* S amp l e  u s ed f o r  mo i s tu re re l ease curve . 
I · I  I 
) 
8 2  
Tab l e  D . 2 .  Water r e t e n t i on curve ( drying ) data f o r  the 
s i x E S P  l eve l s . 
Days f rom 
S tart 3 4 6 1 0  1 2  1 8  2 3  2 7  3 1  
Pre s su r e  ( vaccuum f o r  s o i l  c o r e s ) 
( kPa ) 0 . 7  4 . 8  1 5  2 9  4 8  9 7  2 0 0  4 0 0  8 0 0  
I dent i f i c at i on # Mo i s tu r e  c ontents ( % )  
3 1 3 2  3 2 . 6  3 1 . 5  2 9 . 5  2 7 . 4  2 5 . 5  2 2 . 3  1 8 . 0  1 6 . 6  1 5 . 8  
3 1 3 2 3 5 . 6  3 3 . 4  3 0 . 2  2 8 . 4  2 5 . 9  2 2 . 7  1 9 . 2  1 6 . 8  1 5 . 3  
3 1 3 2 3 2 . 4  3 1 . 5  2 9 . 1  2 6 . 6  2 5 . 5  2 1 . 9  1 9 . 3  1 6 . 8  1 5 . 7  
3 1 3 2 *  3 3 . 5  3 2 . 1  2 9 . 6  2 7 . 5  2 5 . 6  2 2 . 3  1 8 . 8  1 6 . 7  1 5 . 6  
3 1 1 2 3 5 . 4  3 3 . 8  2 9 . 3  2 5 . 9  2 4 . 8  2 2 . 4  1 9 . 1  1 6 . 8  1 5 . 1  
3 1 1 2  3 2 . 4  3 1 . 0  2 5 . 9  2 3 . 7  - 2 2 . 2 1 9 . 2  1 7 . 5  1 4 . 9  1 3 . 8  
3 1 1 2  3 4 . 8  3 3 . 8  2 9 . 6  2 6 . 8  2 4 . 8  2 1 . 6  1 8 . 6  1 6 . 4  1 5 . 6  
3 1 1 2 *  3 4 . 2  3 2 . 9  2 8 . 2  2 5 . 5  2 3 . 9  2 1 . 1 1 8 . 4  1 6 . 0  1 4 . 9  
1 2 1 3  3 5 . 2  3 4 . 4  3 3 . 7  3 2 . 0  3 0 . 9  2 7 . 0  2 3 . 4  2 1 . 4  1 9 . 2  
1 2 1 3  3 4 . 8  3 4 . 3  3 3 . 6  3 1 . 9  3 0 . 1  2 5 . 7  2 4 . 0  2 1 . 6  2 0 . 2  
1 2 1 3  3 5 . 1  3 4 . 6  3 3 . 3  3 1 . 4  3 0 . 0  2 6 . 6  2 3 . 3  2 1 . 4  2 0 . 9  
1 2 1 3 *  3 5 . 0  3 4 . 4  3 3 . 5  3 1 . 8  3 0 . 3  2 6 . 4  2 3 . 5  2 1 . 5  2 0 . 1  
3 2 2 1 3 4 . 9  3 4 . 2  3 3 . 3  3 1 . 0  2 9 . 3  2 4 . 8  2 1 . 7  2 0 . 3  1 9 . 6  
3 2 2 1 3 4 . 3  3 3 . 7  3 2 . 8  3 0 . 5  2 9 . 0  2 6 � 9  2 5 . 9  2 4 . 1  2 3 . 1  
3 2 2 1 3 5 . 3  3 4 . 7  3 3 . 5  3 1 . 3  2 9 . 1  2 4 . 2  2 1 . 5  2 0 . 5  1 9 . 5  
3 2 2 1 *  3 4 . 9  3 4 . 2  3 3 . 2  3 0 . 9  2 9 . 1  2 5 . 3  2 3 . 0 .  2 1 . 6  ' 2 0 . 8  
1 0 0 1  3 4 . 3  3 3 . 4  3 2 . 8  3 1 . 5  3 0 . 3  2 6 . 9  2 2 . 7  2 1 . 7  2 0 . 7  
1 0 0 1 3 5 . 2  3 4 . 2  3 3 . 5  3 2 . 4  3 1 . 4  ' 2 7 . 5  2 3 . 4  2 0 . 7  1 8 . 9  
1 0 0 1  3 4 . 6  3 3 . 8  3 3 . 0  3 1 . 1  3 0 . 0  2 8 . 6  2 7 . 8  2 5 . 0  2 4 . 8  
1 0 0 1 *  3 4 . 7  3 3 . 8  3 3 . 1  3 1 . 7  3 0 . 6  2 7 . 7  2 4 . 6  2 2 . 5  ' 2 1 . 5  
1 0 0 2  3 3 . 7  3 3 . 3  3 2 . 8  3 1 . 5  3 0 . 5  2 7 . 0  2 4 . 9  2 1 . 2  2 0 . 4  
1 0 0 2  3 4 . 6  3 3 . 9  3 3 . 4  3 2 . 5  3 2 . 1  2 8 . 1  2 6 . 3  2 5 . 1  2 3 . 5  
1 0 0 2  3 1 . 0  3 0 . 4  2 9 . 4  2 7 . 7  2 7 . 2  2 5 . 3  2 2 . 9  2 1 . 2  2 3 . 6  
1 0 0 2 * 3 3 . 1  3 2 . 5  3 1 . 9  3 0 . 6  2 9 . 9  2 6 . 8  2 4 . 7  2 2 . 5  2 1 . 5  
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APPEND IX E 
L i s t i ng o f  Equat i ons and Graph s 
for the Linear Relat i onsh i ps 
8 7  
Th e s amp l e data pres ented i n  Tab l e s  3 and 4 o f  the text 
were u s ed f o r  the l i near r e l a t i onsh i ps . The g raphs we r e  
c on s t ruc t ed t o  v i sua l l y  ind i cate a n y  s t r ong l i near 
c o r re lat i ons between the va r i ab l e s . The c o e f f i c i en t s  and r 2  
val u e s  f o r  th e e qua t i ons that pa s s ed an F - te s t  a t  the P < 0 . 0 5 
s i gn i f i canc e l eve l a r e  d i splayed on each g r aph ( Tabl e  E . l )  
( F i g u r e s  E . l th r ough E . 2 3 ) . Comb i na t i on s  o f  the four 
parame t e r s  D ,  C I , E S P , and BD we re the o n l y  var i ab l e s  
invo l ved i n  t h e  1 6  l i near r e l a t i onsh i ps that pas i ed the 
F - t e s t  f o r  s i gn i f i canc e . 
8 8  
Tab l e  E . 1 .  A l i s t ing o f  the e quat i on s  and r 2  va l ue s  f o r  the 
l i near r e l a t i onsh i ps graphed in append i x  E .  
Graph # Year 
E .  1 8 6  
E . 2 8 7  
E . 3  8 6 & 8 7 
E . 4  
E . 5  
E . 6  
E . 9  
E .  1 0  
E . 1 1  
E .  1 2  
E . 1 3 
E .  1 4  
E .  1 5  
E .  1 6  
E . 1 7  
E .  1 8  
E .  1 9  
E . 2 0 
E . 2 1  
E . 2 2 
E . 2 3 
8 6  
8 7  
8 6 & 8 7  
8 6  
8 6 & 8 7 
8 6 & 8 7 
8 6 & 8 7  
8 6 & 8 7 
8 6  
8 6 & 8 7 
8 6  
8 6 & 8 7 
8 6 & 8 7 
8 6 & 8 7 
8 6  
8 7  
8 6 & 8 7  
8 6 & 8 7 
8 6 & 8 7 
8 6 & 8 7 
L i near Equat i on s  
D = 0 . 2 6 * ( ES P ) + 4 . 2 7 
D = 0 . 1 3 * ( ESP ) + 5 . 7 3 
D = 0 . 2 0 * ( ES P ) + 4 . 9 4 
D = 1 4 . 6 2 * ( BD )  
D = 6 . 9 1 * ( BD )  
D = 1 1 . 1 7 * ( BD )  
9 . 4 1 
0 . 6 1 
5 . 4 9 
D = 0 . 0 0 3 8 * ( C I )  + 1 . 9 8 
D = 0 . 0 0 2 l * ( C I )  + 4 . 7 5 
D = f ( MC )  
D = f ( EC )  
D = f ( S )  
C I  = 4 9 . 4 0 * ( ES P ) + 8 5 5  
C I  = 4 3 . 2 2 * ( E SP ) + 7 8 2  
C I  = 2 , 7 5 4 * ( BD )  - 1 , 7 1 6  
C I  = 2 , 8 7 4 * ( BD )  - 1 , 9 8 0  
C I  = - 5 2 . 2 5 * ( MC )  + 2 1 9 3  
C I  = f ( EC )  
ESP = 5 3 . 7 5 * ( BD ) - 4 9 . 7 2 
ESP = 4 9 . 5 9 * ( BD ) - 4 4 . 5 2 
ESP = 5 2 . 0 6 * ( BD )  - 4 7 . 5 9 
ESP = f ( MC )  
E S P  = f ( EC )  
MC = f ( BD )  
* R2 not s i gn i f i c an t at the 0 . 0 5 l ev
e l 
0 . 6 1 
0 . 5 1 
0 . 5 3 
0 . 4 4 
0 . 3 3 
0 . 3 7 
0 . 5 5 




0 . 5 7 
0 . 2 7 
0 . 4 0 
0 . 2 9 
0 . 2 7 
* 
0 . 6 6 
0 . 4 9 
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Exchang eab l e  Sodium Perc e n t a g e  ( % )  
F i gu r e  E . 1 .  Re l a t i on s h i p  be twe en D and E S P  f o r  1 9 8 6 _ ( a ) . 
1 1  �. 1 3 * ( ESP ) + 5 . 7 3 . 
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F i gure E . 3 . Rel a t i on s h i p  be twe en D and ESP f o r  1 9 8 6  ( o )  and 
1 9 8 7  ( + )  combi ned . 
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F i gure E . 5 .  Re l a t i onsh i p  between D and BD f o r  1 9 8 7  ( + ) . 
1 1  
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D = 1 1 . 1 7 * ( BD )  - 5 . 4 9 
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F i g ure E . 8 .  Re lat i ons h i p  between D and C I  f o r  1 9 8 6  ( o _) and 
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F i gure E . 2 3 .  R e l at i on s h i p  be-twe e n  MC and BD f o r  1 9 8 6  ( 0 ) 
and 1 9 8 7  ( + ) c omb i ned . 
APPEND IX F 
De s c r i pt i on o f  the Mul t iple Reges s i on Mode l s , 
Explanat i on o f  S tat i s t i cal Method , 
and 
R e su l t s  for the S t ep-wi s e  Mu l t ipl e  Reg re s s i on Ana l ys i s  
1 0 1  
� ·� 
1 0 2  
The l i near r e l a t i onsh i ps indi cated t h e  s i g n i f i cant 
c o r r e l at i ons among the var i ab l e s  D ,  E S P , C I , and BD 
( Tabl e  E . 4 ) . Th e mode l s  u s ed for th e s t ep-wi s e  mul t i p l e  
regr e s s i on ana l ys i s we r e  s e l ec t ed to de t e rm i ne i f  the 
r e l a t i onsh i ps fo r D ,  E S P , and CI c ou l d  be b e t t e r  r e p r e sented 
by var i ou s  c omb i nat i on s  o f  the quant i ta t i v e  and qual i tat i ve 
var i abl e s  ( Tabl e  5 ) . The s i x  mode l s  were ana l y z ed f o r  1 9 8 6 , 
1 9 8 7 , and a comb i ned 2 - year da ta s e t  for 1 9 8 6  and 1 9 8 7  f o r  a 
total o f  1 8  anal ys e s . Under the d i rec t i on o f  D r . Tucker , 
Ag r i cu l tural Expe r i ment S tat i on Stat i s t i c i an , s ome o f  the 
i ndependent var i abl e s  
due t o  c o l l i nea r i t y 
were r�moved f r om t h e  o r i g i na l  mode l s  
o r  whe n  they ac t ed as c o n s tants 
( Tab l e  F . l ) .  The r e s u l t i ng e quat i on s , wh i ch pas s ed an 
F - t e s t  f o r  s i gni f i canc e  a t  the P < 0 . 0 5 l ev e l , c o n t a i ned both 
quan t i tat i ve and qua l i ta t ive var i abl e s . S ta t i s t i ca l l y , the 
be s t  equa t i on wi t h i n  each year for each mode l wa s s e l e c t ed 
by Dr . Tuck e r . The proc edure us ed c ompa r e d  the be s t  
e qua t i on f o r  a numbe r o f  var i abl e s  w i th the b e s t  e quat i on 
contai n i ng one fewe r var i abl e s  wi th i n  each mode l .  un t i l the 
di f fe r ence in R2 val ue s  between equa t i on s  wa s s i g n i f i c ant 
The be s t  equa t i on f o r  e ach model i s  ind i cated in tabl e s  F . 2  
th rough F . 7  by an a s t e r i s k . 
Tab l e  F . 1 .  The var i abl e s  that rema i ned i n  th e mode l s  f o r  
the s tep-wi s e  mu l t i p l e  regre s s i on ana l ys i s . 
D ependent 
Mode l Year Var i ab l e  
I 8 6  D 
8 7  D 
8 6 & 8 7 D 
I I  8 6  D 
8 7  D 
# 
Obs . 
3 1  
2 8  
5 9  
3 1  
2 8  
I ndependen t  Var i ab l e s  
Rema i n i ng i n  Mode l s  
ESP , EC , MC , GYP , DP 
E S P , EC , MC , GYP , DP 
ESP , EC , MC , GYP , DP , YR 
E S P , E S P2 , EC , EC2 , MC , MC 2  , DP 
E S P , ESP2 , EC , EC2  , MC , MC 2  , GYP 
1 0 3  
8 6 & 8 7  D 5 9  ESP , E S P2 , EC , EC 2 , MC , MC 2  , DP , GYP , YR 
I I I  8 6  D 3 1  E S P , EC , MC , C I , DP 
8 7  D 1 1  E S P , EC , MC , C I , DP 
8 6 & 8 7 D 4 2  E S P , EC , MC , C I , DP , YR 
I V  8 6  C I  3 1  ES P , EC , MC , GYP , DP 
8 7  C I  1 1  E S P , EC , MC , GYP , DP 
8 6 & 8 7 C I  4 2  E S P , EC , MC , GYP , DP , YR 
v 8 6  C I  3 1  ESP , ESP2 , EC , EC 2  , MC , MC 2  , DP 
8 7  C I  1 1  ESP , ESP2 , EC , EC 2  , MC , MC 2  , GYP 
8 6 &8 7  C I  4 2  ESP , ESP2 , EC , EC 2  , MC , MC 2  , GYP , DP , YR 
V I  8 6  E S P  3 1  EC , MC , C I , DP 
8 7  E S P . 1 1  EC , MC , C I , DP 
8 6 & 8 7 E S P  4 2  EC , MC , C I , DP , YR 
1 0 4  
Tabl e F . 2 .  Re su l t s f o r  the s te p-wi s e  mul t i p l e  r e g r e s s i on 
anal ys i s  a t  the P < 0 . 0 5 s i gn i f i cance l eve l f o r  
Mode l I u s i ng t h e  1 9 8 6 , 1 9 8 7 , and 1 9 8 6 and 
1 9 8 7  c omb i n ed data . 
S ign i f i cant Equa t i on s  ( P < 0 . 0 5 )  
1 9 8 6  w i th 3 1  data po i n t s  
D = - 3 . 2 1 * ( GYP ) + 8 . 5 7 
D = 0 . 2 6 * ( ES P ) + 4 . 2 7 
D = - 0 . 3 4 * ( MC )  - 3 . 6 6 * ( GYP ) 
·D = - 3 . 0 4 * ( GYP ) - 0 . 9 5 * ( DP )  
D = 0 . 2 5 * ( ES P ) - 1 . 1 0 * ( DP )  
D = - 0 . 3 0 * ( MC )  - 3 . 4 7 * ( GYP ) 
1 9 8 7  wi th 2 8  da ta po i n t s  
D = 0 . 1 3 * ( ES P ) + 5 . 7 3 






1 3 . 5 0 
8 . 9 8 
4 . 9 4 
0 . 8 1 * ( DP )  
1 9 8 6  and 1 9 8 7  w i th 5 9  dat a  po i n t s  
D = 0 . 2 0 * ( ES P ) + 4 . 9 0 
D = - 2 . 1 7 * ( GYP ) + 8 . 2 2 
D = 0 . 2 0 * ( ESP ) - 0 . 5 5 * ( DP )  + 5 . 1 7 
D = 0 . 1 4 * ( E SP ) - 0 . 8 7 * ( GYP ) + 6 . 0 0 
+ 1 3 . 2 1 
* t h e  b e s t  equa t i on w i th i n  each year f o r  mode l I 
0 . 6 5 
0 . 6 1  
0 . 7 2 
0 . 7 2 
0 . 6 9 
0 . 7 7 *  
0 . 5 1 *  
0 . 2 9 
0 . 5 3 *  
0 . 4 7 
0 . 5 6 
0 . 5 6 
1 0 5  
Tab l e  F . 3 .  R e su l t s f o r  the s t ep-w i s e  mu l t i p l e  r e g re s s i on 
ana l ys i s  at the P < 0 . 0 5 s i gn i f i canc e l ev e l  f o r  
M ode l I I  us i ng t h e  1 9 8 6 , 1 9 8 7 , and 1 9 8 6  and 1 9 8 7  
c o mb i n ed da ta . 
S ign i f i c ant Equa t i on s  ( P < 0 . 0 5 )  f o r : 
1 9 8 6  wi th 3 1  da ta po i nt s  
D = 0 . 2 6 * ( ES P ) + 4 . 2 7 
D = - 0 . 0 3 9 * ( ESP2 ) + 8 . 7 6 
D = 0 . 2 5 * ( ES P ) - 1 . 1 0 * ( DP )  + 8 . 0 7 
D = 0 . 2 5 * ( ES P ) - 0 . 0 0 1 0 * ( EC )  - 1 . 1 7 * ( DP )  + 8 . 1 0 
1 9 8 7  w i th 2 8  data po i nt s  
D = 0 . 1 3 * ( E S P ) + 4 . 4 7 
D = - 1 . 0 7 * ( GYP ) + 7 . 8 0 
D = - 0 . 0 1 4 * ( ESP2 ) + 7 . 8 0 
1 9 8 6  and 1 9 8 7  w i th 5 9  da ta po i n ts 
D = 0 . 2 0 * ( ES P ) + 7 . 5 2 
D = - 2 . 1 7 * ( GYP ) + 8 . 2 2 
D = - 0 . 0 2 6 * ( ES P2 ) + 8 . 2 4 
D = 0 . 0 2 0 * ( ES P ) - 0 . 5 5 * ( DP )  + 7 . 8 0 
D = 0 . 1 4 * ( ES P ) - 0 . 8 7 * ( GYP ) + 6 . 0 0 
D :  0 . 1 4 * ( E SP ) + O . O l 5 * ( MC2 ) - 0 . 9 8 ( GYP ) + 7 . 5 3 
* the be s t  e qua t i on w i th i n  the year f o r  mode l I I  
0 . 6 1 
0 . 3 1 
0 . 6 9 *  
0 . 7 3 
0 . 5 1 *  
0 . 2 9 
0 . 2 2 
0 . 5 3 
0 . 4 7 
0 . 2 8 
0 . 5 6 *  
0 . 5 6 
0 . 5 8 
1 0 6 
Tabl e F . 4 .  Res u l t s  f o r  the s t ep-wi s e  mu l t i p l e  reg r e s s i on 
anal ys i s  a t  the P < 0 . 0 5 s i gn i f i canc e l ev e l  f o r  
Mode l I I I  u s i ng t h e  1 9 8 6 , 1 9 8 7 , and 1 9 8 6  and 
1 9 8 7  c omb i ned data . 
S ign i f i cant Equat i on s  ( P < 0 . 0 5 )  f o r : 
1 9 8 6 wi th 3 1  data po i n t s  R2 
D = 0 . 2 6 * ( ES P ) + 4 . 2 7 0 . 6 1 
D = 0 . 0 0 3 8 * ( C I )  + 1 . 9 8 0 . 5 5 
D = - 1 . 4 0 * ( DP )  + 8 . 2 2 0 . 1 4 
·D = 0 . 2 5 * ( ES P ) 1 . 1 0 * ( DP )  + 8 . 2 6 0 . 6 9 *  
D = 0 . 1 7 * ( ES P ) + 0 . 0 0 1 8 * ( C I )  + 4 . 9 8 0 . 6 6 
D = 0 . 2 5 * ( ES P ) + 0 . 0 0 1 0 * ( EC )  1 . 1 7 * ( DP )  + 8 . 0 1 0 . 7 3 
1 9 8 7  wi t h  1 1  data po i n t s  R2 
D = 0 . 2 0 * ( ES P ) + 5 . 0 2 0 . 4 8 *  
D = 0 . 2 3 * ( E S P ) - 1 . 0 0 * ( EC )  + 5 . 0 6 0 . 6 2 
D = 0 . 2 4 * ( ES P ) - 1 . 6 9 * ( EC )  - 0 . 1 7 * ( MC )  + 1 0 . 2 1 0 . 7 1 
D = 0 . 2 0 * ( E S P ) 1 . 2 8 * ( EC )  + 0 . 0 0 0 8 * ( C I )  + 5 . 6 1  0 . 6 6 
D = 0 . 2 4 * ( E S P ) - 1 . 0 1 * ( EC )  - 0 . 3 7 * ( DP )  + 5 . 7 5 0 . 6 3 
D = 0 . 2 2 * ( E S P ) - 1 . 7 2 * ( EC )  - 0 . 1 5 * ( MC )  + 
0 . 0 0 0 3 4 * ( C I )  + 9 . 5 4 0 . 7 1 
D = 0 . 2 5 * ( E S P ) - 1 . 6 8 * ( EC )  - 0 . 1 7 * ( MC )  -
0 . 2 6 * ( DP )  + 1 0 . 1 9  0 . 7 1 
D = 0 . 2 2 * ( E S P ) - 1 . 3 0 * ( EC ) + 0 . 0 0 0 8 * ( C I )  -
0 . 4 3 * ( DP )  + 5 . . 7 2  0 . 6 7 
D = 0 . 2 4 * ( E S P ) - 1 . 7 1 * ( EC )  - 0 .  1 4 *  (' MC )  + 
0 . 0 0 0 8 * ( C I }  - 0 . 3 1 * ( DP )  + 9 . 4 3 0 . 7 2 
1 9 8 6  and 1 9 8 7  w i th 42 da ta po i n t s  R 2  
D = 0 . 2 5 * ( ES P ) + 7 . 7 0 0 . -5 9  
D = 0 . 0 0 2 1 * ( C I )  + 4 . 4 8 0 . 2 9 
D = 0 . 2 5 * ( ES P ) - 0 . 9 4 * ( DP )  + 8 . 2 6 0 . 6 7 *  
* the be s t  e quat i on w i th i n  each year f o r  mode l I I I  
1 0 7 
Tab l e  F . 5 .  R e s u l t s f o r  the s tep-wi s e  mul t i pl e  r e g re s s i on 
anal ys i s  at the P < 0 . 0 5 s i gn i f i c ance l eve l f o r  
Mode l I V  u s i n g  t h e  1 9 8 6 , 1 9 8 7 , and 1 9 8 6  and 
1 9 8 7  c omb i ned da ta . 
S ign i f i cant Equa t i o n s  ( P < 0 . 0 5 )  for : 
1 9 8 6  w i th 3 1  da ta po i nt s  
c i  = 4 9 . 4 0 * ( ES P ) + 8 5 4 . 6  
c i  = - 5 4 7 . 9 * ( GYP ) + 1 6 5 3  
c i  = 4 7 . 1 8 * ( ES P ) - 2 2 9 . 9 * ( DP )  + 9 9 3 . 7  
c i  = - 5 1 2 . 0 * ( GYP ) - 2 0 9 . 5 * ( DP )  + 1 7 4 3  
1 9 8 7  wi th 1 1  dat a  po i nt s  
no s i g n i f i cant equat i ons -
1 9 8 6 and 1 9 8 7  w i th 4 2  obs e rvat i on s  
C I  = - 5 1 3 . 2 * ( YR )  + 1 4 7 6  
c i  = - 4 8 7 . 3 * ( GYP ) + 1 4 9 2  
C I  = 4 3 . 2 3 * ( E S P ) + 7 8 2  
c i  = - 5 2 . 2 5 * ( MC )  + 2 1 9 3  
c i  = - 3 6 0 . 6 * ( DP )  + 1 5 5 6 
C I  = 5 3 . 2 9 * ( ES P ) - 6 4 . 6 1 * ( MC )  + 1 7 0 4  
C I  = - 6 0 . 9 4 * ( MC )  - 5 6 4 . 8 * ( GYP ) + 2 5 0 9 
C I  = 4 9 . 2 0 * ( E S P ) - 5 8 2 . 0 * ( YR )  + 8 5 7 . 1  
C I  = - 5 1 1 . 6 * ( GYP ) - 5 3 8 . 7 * ( YR )  + 1 6 4 1  
C I  = 5 2 . 2 8 * ( E SP ) · - 5 6 . 0 7 * ( MC )  - 1 9 3 . 0 * ( DP )  + 1 6 9 3  
c i  = 4 8 . 6 5 * ( E SP ) - 2 0 0 . 2 * ( DP ) . - 4 9 6 . 1 * ( YR )  + 9 6 0 . 8  
C I  = - 5 3 . 0 0 * ( MC )  - 5 4 9 . 5 * ( GYP ) - 1 7 8 . 9 * ( DP )  + 2 4 8 1 
* the be s t  e quat i on w i th i n each year f o r  mode l I V  
0 . 5 7 
0 . 4 9 
0 . 6 6 *  
0 . 5 7 
0 . 2 9 
0 . 2 8 
0 . 2 8 
0 . 2 7 
0 . 1 8 
0 . 6 7 
0 . 6 4 
0 . 6 4 
0 . 6 0 
0 . 7 2 *  
0 . 6 8 
0 . 6 8 · 
1 0 8 
Tabl e F . 6 . Rusu l t s  f o r  the s t ep-w i s e  mul t i p l e r e g r e s s i on 
ana l ys i s  a t  the P < 0 . 0 5 s i gn i f i canc e l ev e l  f o r  
Mode l V us i ng t h e  1 9 8 6 , 1 9 8 7 , and 1 9 8 6 and 1 9 8 7  
c omb i ned data . 
S ign i f i c ant Equa t i on s  ( P < 0 . 0 5 )  for : 
1 9 8 6 
C I  = 
C I  = 
C I  = 
C I  = 
1 9 8 7  
C I  = 
C I  = 
C I  = 
1 9 8 6  
C I  = 
C I  = 
C I  = 
C I  = 
C I  = 
C I  = 
C I  = 
C I  = 
C I  = 
C I  = 
C I  = 
C I  = 
C I  = 
C I  = 
C I  = 
C I  = 
w i th 3 1  data po i n t s  
4 9 . 4 0 * ( E SP ) + 1 4 7 6  
- 8 . 3 5 *  ( E SP2 ) + 1 7 3 4  
4 7 . 1 8 * ( E SP ) 2 2 9 . 9 * ( DP )  + 1 5 8 7  
4 7 . 2 8 * ( E SP ) + 0 . 0 0 0 6 5 * ( EC 2 ) - 2 3 9 . 8 * ( DP )  
wi th 1 1 data po i n t s  
- 8 7 . 9 2 * ( MC )  + 9 9 8 . 1 
1 . 2 0 1 * { EC )  0 . 0 0 1 6 * { EC2 ) + 1 1 5 9  
8 2 . 5 2 * ( ES P ) - 3 9 . 7 4 * ( MC 2 ) + 1 1 0 8  
and 1 9 8 7  w i th 4 2  data po i nt s  
- 5 1 3 . 2 * ( YR ) + .  1 4 7 6  
- 4 8 7 . 3 * ( GYP ) + 1 4 9 2  
4 3 . 2 3 * ( E SP ) + 1 3 4 2  
- 5 2 . 2 5 * ( MC )  + 2 1 9 3  
- 3 6 0 . 6 * ( DP )  + 1 5 5 6  
5 3 . 2 9 * ( E SP ) - 6 4 . 6 1 * ( MC )  
- 6 0 . 9 4 * ( MC )  - 5 6  4 . 8 * ( GYP ) . 
4 9 . 2 0 * ( E SP ) 5 8 2 . 0 * ( YR )  
- 9 . 8 6 * ( ES P2 )  - 7 8 . 7 7 * ( MC )  
- 5 1 1 . 6 * ( GYP ) - 5 3 8 . 7 * ( YR )  
5 2 . 2 8 * ( ES P ) - 5 6 . 0 7 * { MC )  -
3 7 . 8 9 * ( ES P ) - 4 .  4 0 * ( ESP2 ) 
- 4 . 9 4 * ( ESP2 ) - 7 1 . 2 7 * ( MC )  
4 8 . 6 5 * ( ES P ) - 2 0 0 . 2 * ( DP )  -
3 7 . 7 5 * ( ESP )  - _ 4 . 1 6 *  ( ESP2 ) 
- 4 . 8 4 * ( ESP2 ) - 6 3 . 3 0 * ( MC ) 
+ 1 2 3 1  
+ 1 4 1 1  
+ 1 4 9 5  
+ 1 4 6 5  
+ 1 6 4 1 
1 9 3 . 0 * ( DP )  
- 7 2 . 8 8 * ·( MC ) 
- 3 7 3 . 2 ( GYP ) 
4 9 6 . 1 * ( YR )  
- 6 4 . 2 4 * ( MC )  
- 1 8 5 . 1 * ( DP )  
- 3 6 1 . 9 * ( GYP ) 






+ 1 5 2 3  
1 3 6 0  
1 3 3 2  
1 4 6 4  
+ 1 5 9 2  
14 5 1  
1 5 7 6  
* the be s t  e quat i on w i th i n  each year f o r  mode l V 
R2  
0 . 5 7 
0 . 3 6 
0 . 6 6 *  
0 . 7 1 
0 . 3 3 
0 . 5 8 
0 . 5 2 
0 . 2 9 
0 . 2 8 
0 . 2 8 
0 . 2 7 
0 . 1 8 
0 . 6 7 
0 . 6 4 
0 . 6 4 
0 . 6 1 . 
· o . 6 o 
0 . 7 2 
0 . 7 1 
0 . 6 9 
0 • . 6 8  
· o . 7 5 *  
0 . 7 2 
D 
1 0 9 
Tab l e  F . 7 .  R e s u l t s  f o r  the s t ep-wi s e  mu l t i p l e  r e g r e s s i on 
ana l ys i s  at the P < 0 . 0 5 s i gn i f i canc e l ev e l  f o r  
Mode l V I  us i ng the 1 9 8 6 , 1 9 8 7 , 1 9 8 6  a nd 1 9 8 7  
c omb i ned da ta . 
S ign i f i cant Equa t i ons ( P < 0 . 0 5 )  for : 
1 9 8 6 wi th 3 1  da t a  po i nt s  
E S P = 0 . 0 2 0 * ( C I )  - 1 7 . 3 0 
E S P  = 0 . 7 9 0 * ( MC )  0 . 0 1 1 1 * ( C I ) - 1 0 . 5 4 
1 9 8 7  w i th 1 1  data po i n t s  
E S P  = 6 . 9 1 * ( DP )  + 7 . 7  
E S P = 0 . 0 0 5 1 * ( C I )  + 9 . 1 
1 9 8 6  and 1 9 8 7  w i th 4 2  data po i n t s  
E S P  = 0 . 0 0 6 4 * ( C I ) - 8 . 9 6 
E S P  = 0 . 7 7 * ( MC )  + 0 . 0 1 0 4 * ( C I ) - 9 . 6 6 
ESP = 0 . 0 0 7 8 * ( C I )  + 3 . 0 1 * ( DP )  - 1 2 . 7 1 
* the be s t  e qua t i on w i th i n  each year f o r  mode l V I  
0 . 5 7 *  
0 . 6 1 
0 . 3 3 *  
0 . 2 4 
0 . 2 8 
0 . 5 7 *  
0 . 3 4 
� 
. � 
1 1 0 
APPEND IX G 
Examp l e  Ca l ucu l a t i on o f  the Energy per Area , Drawbar Powe r , 
and Powe r R e qu i rement s  for an Amended and Non-amended 
Loam S o i l for a Reduced Ti l lage Sys t em 
for One Year o f  Crop Produc t i on 
1 1 1  
The fo l l ow i ng exampl e  i l l u s t rates t h e  c a l cu l a t i on o f  
the energy , drawbar powe r , and eng i n e  power r e qu i r ements for 
an amended and n on -amended l oam s o i l  under a r educ ed t i l l ag e  
sys tem f o r  a yea r  o f  c r o p  produc t i on . The un i t  dra fts and 
s p e eds o f  t h e  t i l l ag e  ope rat i on pre s ented i n  Tab l e 8 are 
used . The un i t  dr aft o f  the amended s o i l i s  a s sumed t o  be 
s i m i l ar to the l o am s o i l . The un i t  dra f t  f o r  a s od i um-
a f f ec ted l oam s o i l i s  e s t imated a s  1 . 4 3 ( 1 / ( 1 - 0 . 3 ) ) t i mes 
the un i t  draf t  of the l oam s o i l , s i nce the dra f t  r e qu i remen t 
o f  gyps um amended s o i l  was reduc ed by 3 0% i n  th i s  s tudy . 
A l s o , a s i x - r ow i mp l ement ( 4 . 5 7 m )  was as sumed , a s  we l l  as an 
e qual speed f o r  t h e  amended and non -amended s i tuat i on s . The 
drawbar power f o r  the row crop p l an t e r  i s  a s s umed to be the 
s ame for the amended and non- amended s o i l s , s i n c e  the s o i l  
that i s  prepared f o r  p l an t i ng i s  v e ry l o o s e . 
The energy p e r  area requ i red t o  pu l l  an i mp l ement c an 
be c a l cu l ated by : 
Energy per a re a  = ( un i t  draft ) * ( c onve r s i on un i t s ) 
and , l kN / m  = 2 . 8kW-h r /ha 
ex . Ene rgy per area = ( 1 2 . 8 k N /m ) * ( 2 � 8kW�h r /h a ) I ( l kN/m ) 
Ene rgy per area = 3 5 . 8kW -h r /ha 
1 1 2 
The powe r r e qu i r ed t o  pu l l  i mp l emen t s  i s  c a l l ed drawbar 
power and may be c a l c u l at ed by : 





F * S 
c 
draw bar powe r , kW 
i mpl emen t draf t , 
speed o f  t rave l , 
a c ons tant , 3 . 6 
kN 
km/h 
ex . .Drawbar Powe r = ( I mpl ement draft ) * ( s peed ) 1 3 . 6  
Pd = ( 5 . 9 4 kN/m ) * ( 4 . 5 7 m ) * 6 . 4 1 km/h I 3 . 6  
Pd = 4 8 . 3 3 kW 
The eng i ne powe r  r equi red to requ i red to pu l l  an 
i mpl ement c an be c a l c u l a t ed by : 
Eng i ne Powe r = ( Pd )  * ( drawba r to eng i ne e f f i c i en c y ) 
Pe = ( Pd ) * ( 1 / 0 . 7 5 )  
ex . Eng i ne Powe r = ( 4 8 . 2 kWd b ) * ( 1 / 0 . 7 5 )  
Pe = 6 4 . 3kW 
Th i s  examp l e  c a l cu l ated the di f fe r ent s i z e s  of  t rac to r s  
requ i r ed t o  pul l the t i l l ag e  i mpl ement on a n  amended and 
non-amended s o i l f o r  a reduced t i l lage sys t em f o r  one year 
1 1 3 
o f  c rop produc t i on . An operator who had o n l y  one s i z e 
t rac t o r  t o  use may be forced to decrease th e o p e ra t i ng speed 
wh en o pe rat i ng o n  t h e  s od i um-affec t ed s o i l , and t h e r eby , may 
be r e qu i red t o  spend addi t i onal t i me t o  t i l l  the s ame f i e l d . 
Tab l e  G . l .  E s t i ma t ed energy pe r area , drawbar powe r , and 
eng i ne powe r r e qu i rement s f o r  an amended and 
n o n - ame nded l o am s o i l f o r  a reduced t i l l ag e  
sys tem f o r  one year o f  c rop produc t i on . 
T i l l age Operat i on 
Ch i s e l  Pl owt 
D i s c 2  
Row C r op Plan t e r 3 
Row C r op Cul t i va t o r4 
Total f o r  one year 
Un i t  Draft S peed 
( kN /rn ) ( kM / h ) 
Amend Non -Amend 
5 . 9  
3 . 4  
0 . 9  
2 . 5  
1 2 . 7  
8 . 5  
4 . 9  
0 . 9  
3 . 6  
1 7 . 9  
6 . 4  
6 .  1 
4 . 2  
4 . 4  
· Drawba r Powe r 
( kW )  
T i l l age Operat i on 
Chi s e l  Pl owt 
D i s c 2  
Row Crop Plan t e r 3 
Row Crop Cul t i va t o r4 
Amend Non-Amend 
4 8 . 3  
2 6 . 5  
5 . 0  
1 5 . 8  
6 9 . 1  
3 7 . 9  
5 . 0  
1 9 . 9  
1 Moun t ed ,  s t r a i gh t  po i n t s , 0 . 3 1 m spac i ng 
2 Whe e l - t ype , 0 . 4 6 m  b l ades ( we l l  worn ) , 
0 . 2 3m s pac ing 
3 4 - r ow , 0 . 9 7 m s pac i ng 
4 2 - r ow , 0 . 9 7 m s pac i ng 
E n e r g y  per Area 
( kW- h / ha ) 
Ame nd Non-Amend 
1 6 . 5  2 3 . 8  
9 . 5  1 3 . 7  
2 . 5  2 . 5  
7 . 0  1 0 . 1  
3 5 . 5  5 0 . 1  
E n g i n e  Power 
( hp )  
Amend Non-Amend 
8 6 . 4  
4 7 . 4  
8 .  9. 
2 8 . 3  
W i dth 
{m � 
3 . 0 7 
3 . 9 7 
3 . 8 9 
1 . 9 4 
1 2 3 . 6  
6 7 . 8  
8 . 9  
3 5 . 6  
D epth 
( em �  
3 0 . 7  
1 0 . 2  
5 . 1  
7 . 7  
